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SUMMARY By analyzing and comparing the N-terminus of several exported proteins 
we identif ied two consensus sequences that resemble metal binding domains. The 
consensus sequences are part of the signal peptide and part of the adjacent 
sequences of the mature protein. Three-dimensional modelling of one such 
domain suggests a conformation with implication in signal peptide insertion. 
© 1988 Academic Press, Inc. 

In order for proteins to be secreted they have to be translocated across 

membranes. For eukaryotes the translocation is across the endoplasmic reticu- 

lum and for bacteria i t  is across the cell membrane. The actual process of 

translocation across membranes is preceeded by a recognition step which, in 

eukaryotes, involves, in addition to the protein that is to be transported, a 

soluble receptor known as the signal recognition particle and a membrane 

receptor known as the docking protein (1,2). The signal recognition particle 

is made up of a 7S RNA and six different polypeptides (3). A third component, 

the signal sequence receptor, may also play a role in this process (4). The 
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nascent protein that is to be secreted contains information that is instrumen- 

tal for either its targeting to or its translocoation across the ER membrane. 

There is a great deal of evidence that indicates that this information is 

contained in the signal peptide, the N-terminus of the primary translation 

product of secretory proteins that is proteolytically removed to form the 

mature protein (1,2). Signal peptides range in size from 15 to 30 amino acids 

and although they share as a common characteristic a centrally located stretch 

of hydrophobic amino acids, their primary sequences show no homologies that 

might suggest how they are recognized in the targeting or the translocoation 

process. Whereas the signal peptide is essential for export of proteins, i t  is 

not known i f  any additional information for this process resides in the mature 

protein. 

In an analysis of the sequence of the primary translation product of 

cartilage link protein (5) we identified a sequence that resembles the consen- 

sus sequence for the metal binding domains of the transcription factor IlIA of 

Xenopus laevis (6). This sequence of link protein encompasses the signal 

peptide and the N-terminus of the mature protein. A search of the protein 

sequence database of the National Biomedical Research Foundation (Georgetown 

University Medical Center, Washington D.C., 4028 sequences, 963031 residues) 

indicated that such a sequence involving the signal peptide is not restricted 

to link protein. Indeed we found such a sequence to be present in the N-termini 

of the primary translation product of 53 proteins. 

Two very similar consensus sequences could be identified. These are: 

~-Xo_4-e-X5_17-e-X1_5-e and e-X5_21-e-X1_5-~, where e is a cysteine or a 

histidine and X is any amino acid.  These sequences resemble the consensus 

sequence C-X4-C-XI2-H-X3-H which makes up the metal binding domains of the 

Xenopus transcription factor IlIA (TFIIIA) (6-10). The alignment of these 

three consensus sequences is shown in Figure I. TFIIIA which binds to 5SRNA 

genes and their transcripts contains 9 homologous repeats of this domain and 

the binding of Zn 2+ to these domains has been demonstrated. In those instances 

where the Zn 2+ binding activity of such domains has been demonstrated i t  has 
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Consensus (TFIIIA) C - X 4 - C - X12 - H - X 3 - H 

Consensus I e - X o _  4 - u - X 5 _ 1 7  - u - X l _  5 - u 

Consensus II  u - X5_21 - u - X1_ 5 e 

FiB. I. Alignment of the two consensus sequences, I and I I ,  found in the 
N-terminus, showing a resemblance with the metal binding domain of the TFIIIA. 
~15, a Cys or His and X any amino acid. 

been shown to be determined by the arrangement of the Cys and His ligands 

rather than by the primary sequence of the protein (6). In Figure 2 we present 

the sequences of the proteins according to the pattern of alignment presented 

in Figure I.  For each of the two patterns we l i s t  f i r s t  the proteins whose 

signal peptide cleavage site is known, followed by those whose cleavage site is 

not known. Since we have no evidence that the sequences we describe bind metals 

we w i l l ,  based on their  structural motif, refer to them as putative metal 

binding domains. Of the 53 N-terminal sequences l is ted,  27 and 26 follow the 

type I and the type I I  consensus sequences respectively. Forty-nine of the 

sequences are from eukaryotes and 4 from prokaryotes. Of the eukaryotic 

sequences, 40 are from vertebrates, 4 from invertebrates and 5 from plants. The 

signal peptide cleavage site is known for ten of the sequences that follow the 

type I consensus sequence. Seven of these cleavage sites are situated on the 

N-terminal side of the f i r s t  e position and 3 are situated between the second 

and the third e positions. Of the 15 known signal peptide cleavage sites in 

the sequences that follow the type I I  consensus sequence, three are situated on 

the N-terminal side of the f i r s t  e position, 11 are located between the f i r s t  

and the second e positions and one is located on the C-terminal side of the 

third e position. Finally, the two most C-terminally located e positions for 

the type I consensus sequences are most often Cys and Cys (16 out of 27) 

whereas those for the type I I  consensus sequences are most often His and His 

(23 out of 26). The significance of the above observations is not known at the 

present time. 
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consensus I 

consensus 11 

link protein-chicken 9 LISV 

vasotocin-amphibian -l]  

mesotonin-amphibian 1 

vasopresin-amphibian ! 

oxytosin-amphibian I 

fibronectin receptor B-subunit-human 16 

prolactin-human 29 VLPI 

purothionin A-I wheat ] "KS 

purothionin l l -precursor-bar ley ]g eKS 

vitronectin precursor-human ZO "DQGS 

superoxide dismutase-photobacterium 44 F HI 

bromelain inhibitor-pineapple 14 Y K 

follitropin B-human 17 

trypsin inhibitor-mongolian snake IS 

keratin feather I-chicken 3 F Ol 

somatomedin B-human G DKK 

large 7-3 heavy chain disease protein 

-human 24 

agglut in in  isolect in-2 wheat ]7 

vasopresin-meurophysin precursor 

-bovine 17 F lhA 

creatin kinase M chain chicken 3 F SST 

phopholipase A2 eastern cotton moth 24 Y GFCN 

urokinase-type plasminogen act ivator 

precursor-pig 7 

g l u te l i n  S-maize endosperm 2 

transaminase B-E. cola 37 F 

acrosin inhibitor Ai-(pig bovine) 32 Y 

acrosin-inhibitor I bovine 36 Y 

cysteine rich intestinal protein-rat 28 

l-CB-chicken -6 F 

chorioamamotropin precursor-human 13 F 

o-I antitrypsin precursor-human 15 

parathyroid hormone precursor 

-bovine lg 

growth h o ~ n e - r a t  -14 F SLL 

colony s t imu la t i ng  factor-mouse -13 LLLV 

asI casein-bovine -8 

aminodiphosphoribosyl-tranferaBe- 

bacilus subti l is 8 

haptoglobin=]-buman 5 

protbrombin precursor human I 

nerve growth factor receptor-rat I 

angiotensinogen precursor-human 23 

angiotensinogen precursor-rat 13 F 

urinary protein-human -13 

parathyroid h o ~ n e  related 

protein-human -14 

azurin - A. denitriflcan$ 26 

factor Xii-human 28 

large heavy chain V-ill human dob. 22 

large chain V region mouse SiO7A 

hemoglobin a-chain nile crocodile 34 

cygnin-swan 5 Y 

specific body pattern-fruit fly 3 LEOR 

myohemerythrin *T zostericola 33 F 

nerve growth factor ~-chain 

precursor-mouse ] ML 

superoxide dismutase-horse 6 

chy~trypsin If-European hornet 25 

o XO. 4 

C WA~P 

C Fl 

"c Y[0N 

• C YIQN 

VC YION 

C 

C GGAAR 

C 

C 

C KGR 

H QNGS 

C Y 

C RF 

C W 

C RP 

C O 

X5.17 • X]_ s o 

PDNSSLE H ERII H IQE 

LLALSSA v C YIQN C 

PIGGKRSVIDFHDVRK C IP C 

PRGGKPJ~TSOHLRQ C LP C 

PLGGKRAALDLD#@RK C LP C 

VF~QTDENPCLYJ&NAKS C GE C 

QVTLROLFD~VVLS H YI H 

KSTLGRN C YNL C 

RSTLGRN C YNL C 

TEGFNVOKKCQ C OEL C 

ASSEKOGKVVLGG/~GG H YDPE H 

ADTY$O C PGF C 

LTINTTW C AGY C 

[SRGYLCG C MP C 

GPTPLANS C EP C 

DLCSYYQSN C T C 

C PR C PEPKSCDTPPP C PR C 

C C SQYGYCGHGGDY C GKG C 

C YFQN C PRGGKRAMSDLELRQ C LP C 

H NK H KLKFSAEEEFFPOLSK H NN H 

C GWG H RGQPKDATDRC C FV H 

C LSL C VLVVSDSKGS H EL H 

H TSGG C GSQPPPPVHLPPPV H LPPPV H 

EGIR C YDS H KGPVVFRHRE H QRI H 

ANP C IF C $[KGLRNQKFDFG H WG H 

SNE C TF C NEKMNNDAOI H FN H 

C IK C (KCGKTLTSGG H AE H 

a XB~zl • l l _  $ a 

PK H OPGFLRROKRDWV]PPI$ C tEN H 

ALL C LI~WLQEAC~VQTVPLSRLFD H M/4LQA H 

LC C LVPVSLA~PQGOP.~QKTDTS H HD(~D H 

C FLARSOGKSVKKF~VSEIQFM H NLGK H 

C LLWPQEAG~PLMPLSSLFANAVLRAQ H L H 

C LLMSASIA~VSG H CS H 

C LVAVALAVRPK H PIK H 

LNEE VC GVFGIWGHEEAPQIIYYGL H SLQ H 

VNDVTDIADDG C PKPPEIA H GYVE H 

QLPG C LAtAALCSLV H SQ H v36 

"KET C STGLYIHSGEC C KA C 

C LLAWAGLAA~DRVYI H PF H 

C ILTWVSLT~DRVYI H PF H 

LLLV C LLASRn~EVSEYCS H MIGSB H 

GRSVEGLSRRLKP~V$E H QLL H 

KQFTV H LK H 

HFPFQY H RQLY H 

AASGFNF H EYNH H 

TASESLYSSK H KV H 

AYPQTK[YFP H FDLS H 

PKVGY C SSK C 

BPOSAPSPITLO@IQ H LH H 

OIRONSAPNLATLVKVTTN H FT H 

C LKPVKLGSLEVG H GQ H 

C VLKGDGPV H GVI H 

C GGSISKRYVLTN~HCLVGKSK H QVTV H 
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The finding of the presence of putative metal binding domains near or 

involving the signal peptide, suggests a mechanism that might provide a unique 

conformation for the N-termini of proteins that could be important in signal 

recognition and in the translocation process across membranes. An examination 

of the hydropathy profiles of the sequences in the N-termini of the proteins 

l isted in Table I indicated a hydrophobic-hydrophilic-hydrophobic pattern. The 

hydropathy profiles and secondary structure prediction of l ink  protein, urinary 

protein and angiotensinogen are presented as examples in Figure 3. Similar 

structural features have been described in zinc binding enzymes such as Cu-Zn 

superoxide dismutase and alkaline phosphatase whose three dimensional structure 

is known. In these enzymes a E-strand motif involving hydrophobic regions is 

the common structural element that provides the ligand for the zinc atom. 

Histidines are the invariant ligands although the number of histidines binding 

the zinc atoms may vary (11-13). Based on the stuctural features of these 

enzymes we aligned and compared the N-terminal signal sequence of l ink protein 

with the sequences within the region of the hydrophobic ~-strand-hydrophilic 

loop-- hydrophobic E-strand motif that provides the histidine ligands to the 

zinc atoms in the three dimensional structure of alkaline phosphatases of E__~. 

coli (Fig. 4). I t  is apparent from Figure 3 that the two highly homologous 

E-strand regions of the alkaline phosphatases can be aligned with the two 

hydrophobic portions of the N-terminal region of l ink  protein. Conserved 

ligands His-372 and His-412 of the E. coli alkaline phosphatase and correspon- 

ding ligands of the other alkaline phosphatases can be aligned with His-18 and 

His-31 of l ink protein. Using the coordinates of alkaline phosphatase and the 

above alignment, we bui l t  a three dimensional model of the N-terminal sequence 

of l ink protein. The resulting model, presented in Figure 5, has some important 

features. First, the antiparallel E-strands form a hydrophobic twisted surface. 

Fig. 2. N-terminus of proteins containing putative metal-binding domains. 
The sequences of the proteins are arranged according to the two consensus 
sequences presented in Fig. 1. Numbers correspond to the f i rst  amino acid of 
the sequence. The number preceded with the minus sign represents cases where 
numbering of the reported sequences starts after the peptidase cleavage. The 
arrows indicate the cleavage site of the signal peptide. Standard single- 
letter amino acide abbreviations are used. 
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I~ strand ~ strand 
loop 

I i 
E. 362 T L V I V T A D  H A H  412H T G S Q -  LR I A A Y  

P. 

L, 

Link, 

35O T L S  LV [ A  D - H S H 432 H A G E D  V A  VF AR 

354 T L T V V T A D  - H S H  437 H G G  ED V A - V F S K  

6 F LVI I SVCWA~E P H PD NS SLE H ER I I H  I Q E E  N G P R  L L V V A  

Sequence alignment of alkaline phosphatases and l ink protein. 
Alkaline phosphatase from E. coli whose structure has been solved at 2.8A 
resolution contains two closely spaced zinc atoms. The zinc metal doublet is 
located between N- and C-termini of two antiparallel ~-strands. These two 
antiparallel strands provide three out of four histidine ligands. Alignment of 
the sequence of the ~-strand-loop-~-strand motif is presented for the alkaline 
phosphatases of E. coli (E) (16), kidney, l iver  and bone (L) (17) and placental 
(P) (18). Below is the putative metal binding domain of l ink protein. The 
alignment is good with the f i r s t  ~-strand, but less pronounced with the second. 
Position of cleavage site by signal peptidease is identified with a black dot. 

Fig. 5. The three dimensional model of the putative metal binding domain 
of l ink protein (color code: blue-histidines, yellow-hydrophobic residues, 
purple-signal peptidase cleavage site, red-cysteine). The model is based on 
the coordinates of alkaline phosphatase ~-strand-loop-~ strand motif and on the 
sequence alignment with l ink protein as presented in Fig. 4. His 372 and His 
4]2 of E. coli alkaline phosphatase has been aligned in this model with His 18 
and His 31 of l ink protein. The third histidine ligand, His 26, is proposed to 
be located in the loop. The link protein loop is shorter than the loop of the 
alkaline phosphatase family. In the model, the signal peptidase cleavage site 
is located in the loop close to one of the histidine ligands. 
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Second, a zinc atom, i f  present, could l ie in the loop formed by the two 

antiparallel E-strands. Third, the sequence known to be cleaved by the signal 

peptidase lies in the upper portion within the loop. Fourth, the length of the 

signal peptide with the proposed conformation might be sufficient to span the 

membrane (30A) with the N- and C-termini facing the cytoplasm. Finally, we 

would like to suggest that the putative metal binding domains involving the 

signal peptides may have nucleic acid binding properties that could allow them 

to be recognized by the 7S RNA component of the signal recognition particle. 

The above suggestion is plausible since TFIIIA, which contains homologous zinc 

binding domains, is known to bind to transcripts of the 5S RNA gene (6-10). 

The identification of a putative metal binding domain with i ts possible 

resulting tert iary structure in the N-termini of several exported proteins 

described in the present communication may be useful in setting up new ex- 

perimental approaches to elucidate the mechanism of protein translocation 

across cell membranes. 
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