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Translated cDNA for Artemia hemoglobin provided 
sequence data for almost nine domains, from the fourth 
residue of the A helix of one domain through 1405 
residues to a stop codon after the ninth domain. The 
domain sequences were  all  different (homology be- 
tween pairs 17-38%) but aligned well  with each other 
and with conventional globins, satisfying the require- 
ments for Phe at CD1, His at F8 and most other highly 
conserved features of globins including His at E7. Fea- 
tures found  to  be characteristic of Artemia globin and 
present in all nine domains were  Phe  at B10, Tyr  at 
C4, Gly at F5, Phe at G5 and Gly at H22. Approxi- 
mately 14 residues including a consensus -Val-Asp- 
Pro-Val-Thr-Gly-Leu- were available to form the 
linker between each pair of domains. 

The Artemia sequence data were compared with the 
crystal structures of Chironomus  thummi  thummi er- 
ythrocruorin I11 and  sperm whale myoglobin in order 
to identify features of structural similarity and to ex- 
amine the consequences of the differences. The Ar- 
temia sequences were compatible with the main helices 
and critical features of the globin fold. Possible modi- 
fications to the C helix, FG turn, and GH turn were 
studied in terms of  molecular coordinates. 

Artemia has large hemoglobin molecules of estimated mo- 
lecular weight 260,000, sufficient  for 16 conventional globin 
domains  (for review, see Ref. 1). Previous work on  the isolated 
molecules showed the  presence of two different M ,  130,000 
subunits ( a  and p )  (a), distinguishable biophysically (3), phys- 
iologically (4,  5),  and immunologically (6),  each  comprising a 
number of concatenated  domains  resulting from the  transla- 
tion of a  single mRNA (7). The two different  subunits  pair  to 
form  three  alternative  functional hemoglobins: HbI (am), 
HbII (ap )  and  HbIII (pp).  By limited proteolysis of HbII, a 
number of polypeptides  have been  isolated (8), two of which 
have  been  sequenced and shown to be compatible  with a 
globin-like structure (9, 10). 

There  are  many  unanswered  questions  about  the  structure 
of this  unusual hemoglobin. What is the  number of heme 
domains  in each subunit,  and  is  it  the  same  in a and p? How 
uniform  are  the  domains  within a subunit? Are they  all 
functional?  What  length  is  the  interdomain  linker? How are 
the  domains organized within a subunit? How do  the two 
subunits  interact  at  the  quaternary level? How similar  are  the 
domains to other  invertebrate  and  vertebrate globins? 

*This  work was supported by grants from the  Lottery  Grants 
Board  and  the  University  Grants  Committee.  The  costs of publication 
of this  article were defrayed in  part by the  payment of page charges. 
This  article must therefore be hereby marked “aduertisement” in 
accordance with 18 U.S.C. Section 1734 solely to  indicate  this  fact. 

A cDNA  made from an Artemia hemoglobin mRNA  has 
been cloned (1 1) and sequenced (12)  to  answer some of these 
questions  and for comparison  with  the genomic DNA  in 
studies of the  expression  and regulation of the genes. From 
the sequence we have inferred  that  the  multiple-domain  struc- 
ture could have arisen by gene duplication  and fusion (12). 

In  the  present  paper we interpret  the  translated cDNA 
sequence in  structural  terms, in the  absence of any crystallo- 
graphic information  on  the  protein. Almost nine  domains  are 
present  in a continuous  translation. Amino  acid  sequence 
data (13) complete  the missing N terminus region and show 
it   to be  the a subunit. An alignment of nine sequences of 
similar  domains from the  same molecule provides  a  unique 
resource  for the  identification of characteristic  features of the 
Artemia hemoglobin and provides  a strong  consensus  for 
comparison  with other species. 

As  well as having a  convincing homology with invertebrate 
and  vertebrate globin sequences, the Artemia domains dis- 
played  significant deviations from convention including an 
unprecedented  Tyr at position C4. These  deviations,  together 
with a  novel and well conserved interdomain  linker of about 
14  residues, broaden  our knowledge of the  constraints govern- 
ing  structure  within  the globin family. An understanding of 
how the specialized features of the Artemia hemoglobin are 
related  to  the specialized  high salt,  potentially low oxygen and 
sometimes high temperature  niche of the organisms, will 
increase our  understanding of structure-function  relation- 
ships  in oxygen carriers. 

MATERIALS AND METHODS’ 

RESULTS AND DISCUSSION 

Translation of the  cDNA  Sequence  Data 
Translation of the cDNA  revealed  a continuum of nine 

globin-like  sequences with conserved  residues and recogniz- 
able  motifs in key locations  (Table  I),  although only eight 
domains  had  been expected (1, 27). Since our cDNA  contains 
a stop codon but  not a start codon, the  N-terminal 9 residues 
have been inferred  from  an overlapping  polypeptide  sequence. 

Prominent globin features included the  invariant CD1 Phe 
and  F8  His,  and  the  almost  invariant  E7  His  (standard 
myoglobin numbering).  Other typical globin features  found in 
most  domains included -Gly-Leu-Ser- at  the  start,  a Trp  at  
A12, -His-Pro-Glu-  in  the C-helix, and  the common E l l  Val. 
At five other  sites  the Artemia alignment was unanimous, 
namely  a  BlO Phe, C4 Tyr, F5 Gly,  G5 Phe,  and H22 Gly. A 

’ Portions of this  paper  (including  “Materials  and  Methods”  and 
Fig. 1) are  presented  in miniprint, at   the end of this  paper.  Miniprint 
is easily read  with  the aid of a  standard magnifying  glass.  Full size 
photocopies are included in  the microfilm  edition of the  Journal  that 
is available from Waverly Press. 

13789 

 by on M
arch 7, 2008 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


13790 Multiple  Domains of Artemia Hemoglobin 

TABLE I 
Artemia  globin  domains TI-T9 aligned with  sperm  whale  myoglobin, C. thummi  thummi  erythrocruorin III and N 

terminus of Petromyzon  marinus  globin V 
Part of the Artemia linker  and  the A helix are  repeated at  both  ends for  convenience. The Artemia sequence 

from A4 to  the  C-terminus is the  translation of the cDNA sequence (12). From  the N terminus  to  position A3 was 
taken from the directly determined  amino acid  sequence (13), the  first 40 residues of which had  the following 
differences  from T1:  A13 (S), A14 (I), A16 (N), B13 (N).  Deviations from the  template of Bashford et al. (21) are 
emphasized. 

Artemia T1 
Artemia T2 
Artemia T3 
Artemia T4 
Artemia T5 
Artemia T6 
Artemia T7 

Artemia T9 
Artemia T8 

Myoglobin 
Consensus 

Chironomus 

ArtMLia T1 
Artemia T2 
Artemia T3 
Artemia T4 
Artemia T5 
Artemia T6 
Artemia T7 
Artemia T8 
Artemia T9 

Myoglobin 
Consensus 

Chironomus 

Artemia T1 
Artenia T2 
Artemia T3 
Artemia TI 
Artenria T5 
Artenria T6 
Artemia T7 
Artemia T8 
Artemia T9 
CansenJus 
Myoglobin 
Chironomus 

Artemia T1 

Artemia T3 
Artemia TZ 

Artemia T4 
Artemia T5 
Artemia T6 
Artemia T7 
Artemia T8 
Artemia T9 
COnSenSUS 
Myoglobin 
ChironomuS 
Petromyzon 

L i n k e r   N A  A 1 A B  B 1 C 

A E V S G I   L V S D K A T I K R T W A T V T  
1 2   1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6   1 2   1 2 3 4 5 6 1 8 9 0 1 2 3 4 5 6   1 2 3 4 5 6 7  

D L P S F G R N V F L S V F A A   K P E Y K N L  

S S L K R V D P I T G L   S G L E K N A I L S T W G K V R  G N L Q E V G K A T F G K L F T A   H P E Y Q Q M  
L R R Q I D L E V T G L   S C V D V A N I Q E S W S K V S  G D L K T T G S V V F P R M I N G   H P E Y Q P L  

R Q A D I V D P V T H L   T G R Q K E M I K A S W S K A R  T D L R S L G Q E L F M R M F K A   H P E Y Q T L  
A T S E E A D P V T G L   Y G K E I V A L R Q A F A A V T  P R N V E I G K R V F A K L F A A   H P E Y K N L  
F Q L G Q V D S N T  L T A L E K Q S I Q D I W S N L R  S T  G L Q D L A V K I F T R L F S A  H P E Y K L L  

Q Q S Y K Q D P V T G I  T D A E K A L V Q E S W D L L K  P D L L G L G R K I F T K V F T K  H P D Y Q I L  

L Q L E R I N P I T G L   S A R E V A V V K Q T W N L V K  P D L M G V G M R I F K S L F E A   F P A Y Q A V  

L Q L   V D P V T G L  S E K A A I Q   T W  V P D L   G L G   V F   L F T A  H P E Y Q  L 
I G L K E V N P Q N A F  S A Y D I Q A V Q R T W A L A K  P D L M G K G A M V F K Q L F T D  H G   Y Q P L  

V L  S E G E W Q L V L H V W A K V E  A D V A G H G Q D I L I R L F K S  H P E T L E K  
L S A D Q I S T V Q A S F D K V K  G D P V G I L Y A V F K A  D P S I M A K  

C D  D E 1 2 1 
1 2 3   4 5 6 7 8   1 2 3 4 5 6 7   1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0  

E F  

F V E   F R N I   P A S E L A S  
1 2 3 4 5 6 7 8 9 0 1  

F R Q   F R D V   D L D K L G E  
F R F S   Q G M   P L A S L V E  S P K F A A H T Q R V V S A L D Q T L L  
F V N K G F A D V   P L V S L R E   D E R F I S H Y A N V L G G F D T L L Q  
F K K   F E Q Y   S V E E L P S   T D A F H Y H I S L V M N R F S S I G K  
F T G R   F G N V  
F P K   F S D V   P L D K L E D  

D N I N E   N A P F K A H L H R V L S A F D I V I S  

F S N   L A Q Y   E I T G L E G  
F T R T G F G D T   P L T K L D D   N P A F G T H I I K V M R A F D H V I Q  

F G F   D V   P L D K L E E  
F D R   F K H L K   T E A E M K A  
F T Q   F A G  K D L E S I K G   T A P F E T H A N R I V G F F S K I I G   E L P N   I E A D  

F 1 F G  G 1 G H  
1 2 3 1 5 6 7 8 9 0   1 2 3 4   1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9  
L L A L G E R H I S   R G T   V R R H F E A F S Y A F I D I L K Q R  G V  

1 2 3 4 5  

L X K L G E Q H I A  R G T   D I S H F P N F R V T L L E Y L K E N  G M  
I K E L G L D H I N  R G T   D R S H F E N Y Q V V F I E Y L X E T   L G D S L  
L R N L G D A H I Q  R K A  G T P H F R S F E A I L I P I L Q E S  
L K K L G R E H I K  R G L   S R K Q F D Q F V E L Y I A I I S S E  

Q G L  
L S  

L K D L G L F H T R   L G Y   T R S H F D N F A T A F L S V A Q D I  
A R Q L G E D H I V   L R V   N K P M F K S F G K V L V R L L E N D  

A P N Q L  
L G Q R F  

L R S V G A D H I A   T N V   E R R H F Q A F S N A L I P V M Q H D  
L A Q L G K D H V P   R K V   N R V H F K D F A E H F I P L M K A D  

L K A Q L  

L K   L G E D H I A   R G  
L G D E F  

L X P L A Q S H A T   K H K I   P I K Y L E F I S E A I I H V L H S R  
R S H F Z N F  A I P   L K E D   L G D Q L  

V N T F V A S H K P   R G V   T H D Q L N N F R A G F V S Y M K A H  
H P G D F  
T D F  

S E R L L Y H G G R V L S S I D E A I A  G I A T P D R A V K T  
S N S F V A H V B R V V A A F D G I I H   E L D N N Q F I V S T  

A L N R P S D F V Y M  
N L D E S S Y F I Y S  
V I D D N V S F V Y L  
T L D D S E H L I R Q  
T L D E P A N L A L L  
I L G K P K T L M A Y  
S L P N S I E L G P S  
T L D B P   L V Y  
K G H H E A E  

T P A V G K H S ~ S V T T ~ L D E L I Q  

S P E L N T H A R N V M A Q L D T L V G  
S P A F   A H I I R V   S A F D   L I Q  
S E D L K K H G V T V L T A L G A I L K  

H 1 1 A 1 
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0   1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6   I 2 3 4 5 6 7 8 9 0 1 2  

H A  

E S A D L A A W R R G W D N I V N V L E A G L   L R R Q I D L E V T G L   S C V D V A N I Q E S W  
N G A Q K A S W N K A F D A FZKYISMGL S S L K R V D P I T G L  S G L E K N A I L S T W  
D E F T V K S F N H V F E V I I S F L N E G L   R Q A D I V D P V T H L   T G R Q K E M I K A S W  
D A A S V E A W K K F F D V S I G V I A Q G L K V A T S E E A D P V T G L  Y G K E I V A L R Q A F  
D T   G R N G L E K V L T ~ A T G V I E Q G L  F Q L G Q V D S N T  L T A L E K Q S I Q D I W  
T V L G R E S L N K G F K L M H G V I E E G L   L Q L E R I N P I T G L   S A R E V A V V K Q T W  
S S F A S R S W H K A Y D V I V E Y I E E G L   Q Q S Y K Q D P V T G I   T D A E K A L V Q E S W  
R P D A V A A W R K G L D R I I G I I D Q G L   I G L K E V N P Q N A F   S A Y D I Q A V Q R T W  
T P L A E S A W K R A F D V M I A T I E Q G Q   E G S S H A L S S F L T   N P V A *  
D A A V A   W N K   F D V I I G V I E Q G L   L Q L   V D P V T G L  S L E K A A I Q  W 
G A D A Q G A M N K A L E L F R K D I A A X Y K E L G Y Q G *  
A G A E A A W G A T L D T F F G M I F S X M *  

P I V D T G S V A P L   S A A E K T K I R S A W  

consensus -Val-Asp-Pro-Val-Thr-Gly-Leu- characterized  the 
interdomain linker. 

The  nine  domains  (translates  Tl-T9,  Table  I)  had cross- 
homology of between 17% (T5/T9)  and 38% (T2/T3).  Domain 
T 3  was recognized as  the polypeptide E l  sequenced  directly 
by  Moens et al. (9, 27); small differences  between T 3   a n d   E l  
were considered to be a  consequence of polymorphism since 
doubt  surrounds  the  taxonomy of commercial Artemia cysts. 
The  E7 polypeptide  sequence (10, 28) was not  found  as  such, 
although regions of similarity  to  it were present  in  T6,  and  it 
may belong to the  other  subunit. 

When  the sequences were compared  with  the  database of 

globin sequences (16) by FASTP, high homology scores were 
achieved against  invertebrate globins, notably  those of Chi- 
ronomus (of which the  database  contains ll), Lumbricus, 
Tylorrhynchus, and molluscs. If submitted  as  fragments  cor- 
responding  to  vertebrate globin exons,  the  central  fragments 
showed the  most  consistent recognition of invertebrate  spe- 
cies, particularly Chironomus. Vertebrate globins, especially 
myoglobins, were widely recognized by Artemia domains  and 
fragments  with  FASTP,  in some cases  scoring higher than 
invertebrates. The composite hydropathicity profile of the 
Artemia domains (Fig. 1) tends, however, to resemble Chiron- 
omus globin I11 where that differs  from myoglobin, for ex- 

 by on M
arch 7, 2008 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


Multiple  Domains of 

ample in the C  helix, D-E  boundary,  and  late H  helix.  Regions 
of markedly greater hydrophobicity in Artemin than  in  either 
Chironomus or myoglobin are observed in  the C, D, E, and G 
helices, and EF turn;  these could manifest  the  multiple  inter- 
domain  and  intersubunit  associations implicit in a multimeric 
structure. 

Homology and  Structural Consequences 
at Individual Residues 

The  alignment was refined  with  the  aid of the  Bashford  et 
al.  (21) theoretical  template 11, which incorporates  the more 
significant residues. Discrepancies between the aligned se- 
quences  and  the  template were relatively few (Table 11), some 
being  sufficiently consistent  to imply that  they  should  not  be 
penalized.  After assignment of the conserved sites  and  the 
major helices A to H (Table  I),  disparities  in  length fell mostly 
into  the  interhelical  turns  and  an  additional  interdomain 
linker  (HA). 

In  the following discussion we examine possible structural 
consequences  where a sequence deviates  from  the knowledge 
base defining the globin family. The  advantage of having  nine 
Artemia sequences is that  they  can  be  cross-correlated, as well 
as being compared  with  conventional globins. Some  deviations 
were modeled by altering  the  structural  coordinates of either 
Chironomus globin I11 or  sperm whale myoglobin. Sequence 
homology, however good, is  not proof of structural  similarity, 
but  there would be  no realistic prospect of an  unrelated 
sequence fulfilling the  prerequisites of the globin fold since 
the  contribution of each successive conforming residue is 
factorial. 

A Helix-Following the NA region we expect an  initial a 
helix and regard a Trp  at  A12 as  almost diagnostic, Bashford 

Artemia Hemoglobin 13791 

et al. (21)  finding  it  in  198 globins out of  226. Eight  Artemia 
domains  had a Trp  in  the  right place while the  exception,  T5, 
had a Phe which is the  best  substitute  in  the  database  (21 of 
the  remaining 28 sequences). The Val at  A6 in T 5  is sterically 
comparable with the  Thr often observed at  A6 and  is  not 
unknown at this  site  (21),  but  it  introduces a recurring  theme 
in  the  tendency for substitutes  to  be more  hydrophobic in 
Artemia. The  next  such example is the Leu appearing at  A14 
in  T7, T8, and  T9, which incurs a template  penalty of 1.0 and 
has  been observed in  only  three  other globins in  the  database. 
The A14 Leu appears  to  be reliable  since the  three  Artemia 
domains  in which it  appears show a  high  degree of consistency 
from A8 to B6. 

AB Turn-In domain T6  a strong  alignment  in  the A, B, 
and C  helices dictates  the  placement of 2  residues, -Ser-Thr- 
(followed by Gly), between the A and B helices. AB turns 
sometimes differ from  the more usual single Ala or Gly and 
the  T6 sequence is  not  unlike  the -Ser-Val-Gly- of Tylorrhyn- 
chus (16) in  having a branched  side-chain at  AB2. Chou and 
Fasman  predictions (19) on  the AB region for domain T6 gave 
a turn  product  (x105) of 17.2, comparable  with the  other 
Artemia  domains (9.5-23.3). Chironomus globin I11 has a 
similar value (18.8) while in whale myoglobin the low value 
(4.0) does not  predict  the  turn. 

B Helix-The fit against  template I1 (21) is excellent, the 
only minor  deviation being from  Phe  to Ile at  B14 in T2, 
while even the more restrictive  template I finds only  a Gln  in 
T9  at B12 where  Arg is common. In  all  Artemia  domains B10 
is a distinctive  Phe, which is  found  in only five instances in 
the  database  against 204 examples of a BlO Leu.  Although it 
does not  feature  in  the  templates, a B6 Gly, as found in  eight 
domains,  is well conserved in globins and will be considered 
with  the E helix. 

C Helix-The high  degree of conservation in the critical 
heme environment  is  the key to  the  alignment of the  adjacent 
regions. The  Tyr  at C4 is  not known in  other species but is 
universal  in  the  Artemia  domains  (Table 111). The  -His-Pro- 
Glu-  found at  C1-3 in  domains T2-T6 is  identical  to  many 
myoglobins. The  variants  on  this  theme  in T1, T7,  and T8 
are  conservative  except for the  C1  Phe  in  T7, which is 
unexceptionable since Phe is almost  as common as  His  at  C1 
in  the  database. 

A Pro  a t  C2 is regarded as practically invariant (222/226  in 
the  database)  but a striking  exception was found  in T9, in 
which the C helix  sequence  was  also shorter  than expected. 
The compelling alignment of T9  through B13-14, C1, C4-5, 

TABLE I1 
Against  each  domain  is  shown  any  position  and  residue  incurring a 
penalty  (between 0 and 1) against  the  Bashford et al. (21) theoretical 

template II, listed under  the  penalty score 
Italics indicate buried sites  (21),  but  E14 is listed  as a surface  site 

bv  Perutz et al. (29). 
Penalty 

Domain 

T1 
Total 

6.9 
0.2 

FG4 Thr 
0.5 0.7 

CD2 Val C4 Tyr 
G1 Val 

1.0 

E5 Leu 
E6  Tyr 
F2 Leu 
G10 Tyr 
GI5 Glu 
E9  Phe 
H16  Glu 
E20 Leu 
F6  Leu 
E5 Ile 

T2 

T3  

T4 

E5 Val C4 Tyr 
GI0 Val 
G10 Val C4 Tyr 
H5 Val 
CD2 Val C4 Tyr 
H5 Val E8 Met 

FG4 Ala 
H15 Ser 

A6 Val C4 Tyr 
G9 Val E19 Gly 

G12 Tyr 

B14 Ile 
FG4 Thr 
FG4 Thr 
G8 Tyr 

4.1 

4.1 

4.8 

TABLE 111 
Alignment  around  the C helix 

Residues predicted to  be in  turns by the  algorithm of Chou  and 
Fasman  are  underlined.  The  last column gives the  highest  turn 
product  found  within  the  partial sequence. 

T5 E8 Ile E6  Tyr 
E10 Leu 
E14 Arg 
G15 Glu 
H014 Phe 
C6 Leu 
E17 Ile 
F6 Leu 
A14 Leu 
E9 Ile 
E14 Lys 
A14 Leu 
C6 Ile 
E9 Ile 
A14 Leu 
E14 Gln 

8.3 
B13 c1 C7 CD1 product 

Turn 

x 10" 

T1 V F A A  K P E Y K N  L F 15.9 
T2 M I N G  H P E Y O O  L F 40.6 

T6 

T7  

T8 

T 9  

FG4 Met C4 Tyr 
E8 Leu 

5.3 

3.7 

5.1 

3.4 

T3 
T4 
T 5  
T6 
T7  
T8 
T 9  

L F T A  
M F K A  
L F A A  
L F S A  
L F E A  
V F T K  
L F T D  

H P E Y Q Q  
H P E Y Q T  
H P E Y K N  
H P E Y K L  
F P A Y Q A  
H P D Y Q I  

H G Y Q P  

" 

40.6 
40.6 
40.6 
40.6 

94.3 
16.4 

8.7 

G16 Ala 
C4 Tyr 

E8 Ile H5 Val C4 Tyr 
F4 Val 

Consensus L F T A H P E Y Q Q L F 
Chironomus V F K A D P S I M A K F 
Mvodobin L F K S H P E T L E K F 

C2 Gly 
C4 Tvr 
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13792 Multiple  Domains of Artemia Hemoglobin 

C7,  and  CD1 leaves few options  for  adjustments  and  it  is 
inferred  that a  single Gly occupies the place of the  conven- 
tional C2 Pro  and  its following residue. 

The sequence variants  found  in  this region were all  turn- 
predictive (Table 111). One  interpretation of the generally 
high  scores is that  tight  constraints  on  the  structure of this 
part of the heme environment  are reflected in a  highly  speci- 
fied turn,  as  distinct from turns  such  as  the AB where a hinge 
is required during folding. 

A reconstruction of the C4 region to  incorporate a Tyr was 
based  on  the  structure of Chironomus Hb 111, which has a 
large  hydrophobic Ile a t  C4. Alignment of the C-a-C-P bond 
of the replacement Tyr  with  the  equivalent  bond of the C4 
Ile in  si tu allowed space  for the  Tyr  ring  in  the vicinity of the 
heme (Fig. 2 A ) .  Van  der  Waals conflicts with  the B14 and 
CD1  Phe rings, which are conserved in Artemia, were resolv- 
able by rotation of the  bonds of the C-P atom of the  mutant 
sidechain, placing the C4 ring  in  an  existing hydrophobic 
environment. 

The  unprecedented  deletion of C2 or C3 in domain T9 was 
explored by modeling. In  the Chironomus Hb I11 structure, 
deletion of C2 and C3  left the C terminus of C1  and  the N 
terminus of C4 suitably  distanced for the gap to  be filled by  a 
single Gly (Fig. 2B). The  amide  nitrogen of the Chironomus 
Hb I11 C4 Ile and the- carboxyl oxy6en of the 
C1 Asp were nominally 2.99 A apart, or 2.94 A if the  latter 
oxygen were exchanged  with the C2 amide nitrogen.  This 
distance  is easily bridged  by 1 Gly. Main-chain  reconstruction 

C h i  C G  m u t a t e d  

Chi ronomus C s1 G mut 
FIG. 2. A,  a region of the Chironornus Hb I11 heme  environment 

after  replacement of the C4 Ile with a Tyr  to  simulate Artemia globins. 
The upper  fragment is B14-Bl6 (dashed line, right  to  left)  then C1- 
C5, from left to right; lower left fragment is the G helix receding  from 
the viewer. B, as above, with C2 Pro and C3 Ser replaced  by  a  single 
Gly (B helix fragment  omitted for clarity). 

is speculative, although clues to  the  quaternary  arrangement 
(13)  suggest that  this region in Artemia is exposed and free 
from the  constraints of interdomain switching  imposed on 
mammalian hemoglobins. 

CD T u r n  and D Helix-The pivotal  locations of CD1 Phe 
and  E7  His leave little scope for adjustment  in  the  short 
region between them. A  convincing alignment with the buried 
D5 Ile and D2 Leu of Chironomus Hb 111, with a Pro or 
hydrophilic  residue a t   Dl ,  places most  length  variations  in 
the  CD  turn.  Variations in loop structures  can  be  inconse- 
quential  but  the globin CD turn is special in forming part of 
the heme environment.  It is instructive  to identify the hydro- 
phobic environment usually associated  with CD4, which is 
Phe  in 2061226 sequences in  the  database,  and with  CD7 
(although  the  latter is anomalously  hydrophilic  in Chironomus 
Hb 111). The alignment suggests that  both of these  sites  are 
represented  in Artemia provided the  first half of the CD turn 
accommodates 1 extra residue in T6  and 2 in  T4  and T8. In 
T6  the  late  CD  turn or early D  helix appears  to  be  truncated. 

Domain T 3  requires  mention  as  the only one  without  an 
ideal CD4 candidate. T3 is  equivalent  to  the polypeptide E l  
where the  amino acid  sequence has a  perfectly  acceptable Phe 
at CD4  (9,  27)  in  place of the  Ser  in  T3.  The polypeptide and 
cDNA sequences in  this  part of the  structure have  been 
carefully re-examined,  and  the difference is  attributed  to 
polymorphism. 

E Helix-Exceptions are  rare  to  the rule of a distal  His at  
E7  accompanied by a Val at Ell .  Artemia fitted  this rule, 
strengthened by an  identical  spacing of  32 residues  between 
E7  and  the F8 proximal  His  in every domain.  The require- 
ments for buried  sidechains at  E4, E12, and  E15 were also 
consistently satisfied. 

This  strong  alignment  is  not conclusive  evidence that  E7 
His  in Artemia fulfils the  conventional  distal  His role, how- 
ever, since  there  are  exceptions  and Chironomus Hb I11 hap- 
pens  to be an  example. The  E7  His  side-chain  in Chironomus 
Hb I11 is displaced toward  the  start of the E helix and  the 
E l l  Ile side-chain  assumes  its  function  (30), with one-of  its 
y-carbon  atoms  positioned closest to  the  Fe (4.48 A). In 
Artemia the  E7  His, E l l  Val motif  suggests  a conventional 
heme  environment  but a Val is a  plausible alternative  to a 
distal Ile since it  has analogous y-carbon  atoms. 

The E  helix  was the region with  the  most  points of differ- 
ence from template I1 (21),  but  they follow a pattern. Of the 
19 discrepancies, 15  are hydrophobic and of these, 11 appear 
at  the  equivalent of relatively  exposed sites  in higher  globins, 
namely E5  (three  instances),  E6  (2),  E9  (3), E10,  E17, and 
E20. None of these  sites  is hydrophobic in Chironomus Hb 
111, except for an  interesting polymorphism at  E6 where either 
Thr  or Ile is  present  in a 2:l  ratio (30).  A net increase in 
hydrophobicity associated  with  the  surface of the E helix may 
have  important  implications for the association of domains 
either  within or between the polymeric subunits.  In  three 
domains a  large  hydrophilic  residue appears  at E14, which the 
template  treats  as buried (21) but  is  listed by Perutz et al. 
(28) as surface. 

The  appearance of Gly at  both B6 and E8 in  higher  globins 
is  rationalized  as  permitting a  class 1 crossing (31) of the B 
and E helices with  the  main-chains  in close proximity. This 
combination is not  totally conserved among  vertebrate globins 
and is not  characteristic of invertebrates,  the Chironomus Hb 
I11 crossing  involving Pro at B6  and Val at B7, fitting between 
Ala at  E8  and Val at  E12. The efcect is that  the helix axes 
cross a little  further  apart, 8;3 A at  an angle of 85"  in 
Chironomus Hb I11 and 8.1 A and 80" in myoglobin. In 
common with many  invertebrates Artemia has  retained a B6 
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Gly  in eight  domains,  but only T1 has a Gly at  E8. 
EF Turn and F Helix-The proximal  His at F8 confirms 

the overall F helix alignment including the highly  conserved 
F4 Leu in  the  heme  environment,  with  an  acceptable  F4 Val 
in T8. A Gly was common to  all  Artemia  domains at F5, as 
was a branched  side-chain at  the  F9 position. 

As in the E  helix, the  main discrepancies from  the  template 
(21) were hydrophobic replacements a t  surface sites,  namely 
one  instance of a  Leu at  F2 and  two of a  Leu at  F6. The E 
and F helices are  approximately  coplanar  and  it  is  not  un- 
known  for this face to  be involved in  interdomain  contact 
(32 ) .  

The  strong  alignment  in  the E and F helices, particularly 
at E7, E l l ,   and  F8,  indicates a consistent EF  turn of 10 
residues. The  EF  turn  is conspicuous  for being  the  most 
uniform of the  Artemia  turns  in  both  length  and composition 
(apart from the CD turn)  but  its excess of 3 or 4  residues over 
Chironomus Hb I11 or myoglobin respectively would make 
structure  prediction speculative. 

FG Turn-The  alignment is influenced by the “severe”  size 
constraint (21) at  FG4 which is  satisfied  with a penalty of 0 
or 0.2 in  all  domains  except  T4, where it is 0.7. Furthermore, 
domains  T1-T5  and also T9 have an Arg  aligned with  the 
Arg in Chironomus Hb I11 at  FG2  (FG1  being  deleted) which 
hydrogen bonds to  the heme porpionate  and  assumes  the role 
of the myoglobin FG2  His  (9).  Three  domains  (T6-T8)  do 
not have an  equivalent hydrogen bond donor. Domain T6  has 
a nearby Arg a t  FlO which, if its  side-chain were reoriented, 
would remain 1 A too  distant  for  re-establishing  the  Hbond, 

> 
M y o g o b i n  F G 

A 

Chironomus F-FG 

FIG. 3. A, Chironomus Hb 111 from F8 His  (nearest viewer) to  FG4 
(distant) showing interaction  with heme. Six Artemia domains  have 
a n  equivalent Arg to  FG2. The condition  in  the  remaining  three 
domains is discussed in  the  text. E,  myoglobin in  similar  orientation 
to  A. 

as  can  be  appreciated from Fig. 3A. The  T7  and T8 hydrogen 
bond  donors a t  FG3 would be  too  far from the  propionate. 
Changing  the  alignment of T7 or T8 to fit myoglobin (Fig. 
3B) so that  FG1 is occupied,  does move hydrogen donors  into 
FG2,  but  creates new problems: Arg is too large, the  con- 
straints  on  F94  are violated and  the  distance between  FG2 
and  G1 (9.36 A) cannot  be  spanned by the single Val available. 

While  Tl-T5  and  T9  can conform to  the Chironomus Hb 
I11 model,  where the  heme  pocket design permits a degree of 
heme  reversal  about  the a - y  meso axis (30), it  appears  that 
T6,  T7,  and T8 may  have  a different mode of heme-packing. 

G Helix-The G  helix buried  sites  having severe and  “me- 
dium” size constraints (21) at G5  and G8, respectively, are 
well satisfied  in  the Arternia alignment,  in which all  are 
occupied  by Phe  except for  a Tyr  at  G8  in  T3.  This  alignment 
is reinforced with few exceptions at  the “low” severity interior 
positions G12, G15, and G16, and  in seven domains by a 
conspicuous His  at G4  which is  rare  in  the  database (4/226). 
The G  helix alignment  further  strengthens  that of the FG 
turn. 

GH  Turn  and H Helix-A strong  alignment  toward  the 
latter  part of the H  helix (and  the  linker following) indicated 
the  GH  turn  to  be  variable  in  length.  The  appearance of Trp 
at  H8  in six domains was a key to  the  alignment since Trp is 
scarce  in globins, and  H8 is one of the few positions (A5, A12, 
C3, H8) where its  side-chain is accommodated  with any 
regularity. The  Leu or Phe  found  in  three  domains  are  com- 
mon  substitutes for Trp  at  H8. 

Comparison of myoglobin and Chironomus Hb I11 struc- 
tures revealed  practically i4entical  distances between the  GH1 
tnd  H8  a-carbons (12.93 A) or between GH1  and  H5 (10.85 
A),  although Chironomus Hb I11 uses 3 fewer residues  (Fig. 
4). Variations  in  length  appear  to be tolerated  around  the  GH 
turn  and a skeleton  structure comprises GH1, H5, and  H8 
with a  hydrophobic GH5  positioned between the G and H 
helices. 

Five of the  Artemia sequences (T3,  T6-T9)  are  the  same 
length  as myoglobin through  this region and a Leu or Phe 
appears  at  GH5  appropriately.  The four shorter  ones have 
variously 4, 5, or 6  residues  available to  insert between GH1 
and  H5,  thus  the  structure  is  not  constant.  Tolerable  buried 
GH5 residues are suggested in  Table  I,  and  it  is observed that 
T1, T3,  T4,  and T8 have  an  H5  side-chain  that  alternatively 
could rotate  to occupy the  GH5 space. 

Interdomain Linker-Where  does the  interdomain  linker 
begin to  deviate from the  conventional globin fold? The 
indications  are  that  the H  helix is fully retained since  between 
H5  and  the  end of the  template at H19  there were only three 
discrepancies. This,  with  the  spare residues after each  H  helix, 
implies that  the  linker utilizes additional sequence as  distinct 
from  an  adaptation of the H or A helices. 

Between 13  and  16  extra residues are available following 
H21  and  preceding A1 for interdomain linkage,  which we 
designate  HA  (absorbing  any  positions  equivalent  to  HC  and 
NA).  No  structural  precedent  is available, but  the sequences 
provide some  significant clues. The well conserved character 
of the HA alignment  and  its neighbors  suggests that  the 
linkers  are of uniform  structure.  This  in  turn is compatible 
with a regular arrangement of domains  such  as  the cylindrical 
morphology seen  in  electron  micrographs (3). 

HA1  and HA2 are  unanimously Gly-Leu except in T9 where 
it is not a true  linker.  The  next 5  residues (7 in T4;  HA3  to 
HA9)  contain a high proportion with  large,  hydrophilic  side- 
chains.  Then follows a consensus -Val-Asp-Pro-Val-Thr-Gly- 
Leu- over HA10-HA16 which is one of the longest and  clearest 
in  the  Artemia  alignment  and  has  consistent  turn forming 
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C h i  GH 
FIG. 4. Comparison of the  region GGHH in  whale myoglobin 

( A )  and Chironomus Hb I11 ( B ) .  Side views (left) and  external 
end views (right). Distances between GH1  and H5 or  H8 oc-carbon 
atoms  are indistinguishable and  the position of the  GH5  Phe is 
similar. Modeling of the  GH  turns of the Artemia domains is discussed 
in the  text. 

potential.  Finally,  conservation of the NA2 (HA16)  Leu, Ile, 
or Phe, classically  assigned to  contact  with  the H helix, 
suggests that  the globin fold is  restored by this  point.  Domain 
El isolated after  limited proteolysis had  been  cut between 
HA7  and  HA8  at each end  (27),  and  domain  E-7  ran  from 
HA15 to  HA8  (lo),  compatible  with  the  linker  containing  the 
potentially flexible bridge structure  that favors  proteolysis. 

Few leads  toward  the possible structure of this  linker  se- 
quence  are  to be found  in  the  database or in  other  interprotein 
linkers  (33). A fragment of human  interleukin-1-@  has  the 
sequence -Leu-Gln-Leu-Glu-Ser-Val-Asp-Pro-, which bears 
comparison  with HA5-HA12 of Artemia. This  part of inter- 
leukin-1-@ is described  (34) as a bent @ sheet leading to  an 
extended  turn (we do  not  have  coordinates). A  more attractive 
prospect, however, may exist  in Petromyzon globin V, which 
has  an unusually  long  sequence of 11 residues preceding  the 
A helix (26, 35). This  extension  has a remarkably  similar 
composition to  the Arternia linkers,  although  the sequences 
do  not correspond, and  demonstrates  the  acceptability of an 
additional  structure  on  this  part of the globin molecule. Stud- 
ies in progress indicate  that  an  extended Petromyzon globin 
V leader could provide the  structural  template for the Arternia 
linker  and would be compatible  with an  annular  arrangement 
of nine domains. 

In conclusion, the  interplay of data  from  an  analysis of nine 
related  domains  has provided a higher level of resolution  than 
could be derived  from one or two  sequences. The C4 Tyr, for 
example, is  unique  among species studied.  In  the  absence of 

definitive structural  data we nevertheless have an image of a 
multimeric molecule in which the  domains  are  conventional 
yet  characterstic,  constructed  from  the  usual A-H helices 
with  variable  turns  and a lengthy EF loop. The relatively 
uniform  linkers  and  the  hint of hydrophobicity associated 
with  the E helix are suggestive of an orderly arrangement of 
domains  within  the  subunit  and, by implication,  its  partner. 
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