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Automatic Determination of Amino Acid Sequences 

Abstract: A fundamental problem for biochemistry is the determination of the linear sequence of amino acids 
in proteins. This paper describes a computer-oriented  logic for obtaining such determination. The  logic ap- 

plies successively  stronger  decision rules to extract the required information on  the protein sequence. 

Introduction 

One of the fundamental problems facing biochemists  is 
the determination of the linear sequence of the 20 amino 
acids that constitute proteins. The purpose of this paper 
is to present a computer-oriented method whereby a 
highly  specific amino acid sequence  is derived from frag- 
mentary information about its parts. The solution of the 
problem is obtained through programmed algorithms 
which take  the fragmentary data  as  input  and generate 
the complete sequence as output. 

Protein chains generally contain on  the order of 100 
subunits (amino acids) of  20 distinct types. These sub- 
units, or monomers, are linked in the polymer linearly 
in a chain of  definite polarity, e.g., 

A, 3 A, -+ A, 3 . * A z o  -+ A, + A, -+ A1 ”+A,. 

Each type of protein presumably has a unique arrange- 
ment of subunits. Deoxyribonucleic acid, DNA, is  com- 
posed of much  longer chains (>>loo) of subunits (nucleo- 
tides) of only four distinct types,  e.g., 

N, -+ N, -+ N, -+ . N, + N,. 

Again, there is a definite polarity. 
DNA (and ultimately ribonucleic acid, RNA) carries 

the genetic information for all biological replication, in- 
cluding the replication of proteins which  proceeds under 
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genetic control. All  biological function is governed by 
specific proteins (such as enzymes,  oxygen carriers and 
structural tissues), the particular function of each one 
being  defined by its unique arrangement of subunits. Cur- 
rent theory postulates that the arrangement of subunits 
in nucleic acids linearly determines the arrangement of 
subunits in proteins. One of the very fundamental prob- 
lems in this field  is the “breaking of the ‘genetic  code’ ” 
by  which the “gene” on a DNA sequence, written in a 
four-letter nucleotide language N, -+ N, ”+ N, ”-f N8, 
determines or is translated into  the functional protein 
written in a 20-letter amino acid language A, ”+ A5 3 

A9 + et cetera. 

There have  been three distinct types of approach toward 
breaking the code: 

(1) Investigations into the mathematical nature of cod- 
ing schemes by  which four-letter nucleotide sequences 
determine 20-letter amino acid sequences.l-17 General 
considerations, as well as experimentally determined se- 
quences, rule out such schemes as “overlapping” codes 
(see for example the discussion in Ref. 1). 

(2) Observations of the effect  of  chemically induced 
errors  in  the nucleic  acid sequence (mutations) on the 
specific amino acid sequence of specific  proteins.’ ”’ ‘22 By 
genetic  techniques it is possible to select, from within 
a species, variant members  differing from the usual mem- 
ber in the composition and/or sequence of amino acids 
in one functional protein. Analysis of the amino acid 
sequence of this protein coupled with  genetic “mapping” 
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of each of the mutants affords a powerful tool for  “break- 
ing the code.” 

(3) Biochemical and biophysical investigations of  nucleic- 
acid-regulated protein ~ y n t h e s i s . ~ ~ - ~ ~ ’ ~ ~ - ~ ’ I  For example 
Nirenberg et al.’8”Q have shown that polyuridylic acid 
controls the incorporation of phenylalanine into insoluble 
peptides in a complex, in vitro enzyme system, suggesting 
that a sequence of several uridine nucleotide bases is the 
nucleic acid code symbol for “phenylalanine” in protein 
language. 

Fundamental to some of the efforts to “break the code” 
is an understanding of the  actual sequences of amino acids 
in specific proteins. Knowledge of the sequences for many 
different proteins will certainly be required before all the 
details of biological coding are established. 

Complete amino acid sequences have been determined 
for a small number of following essentially 
the  procedure used by Sanger to determine the sequence 
in insulin. Work is in progress on a number of  other^.^^-^^ 
The sequence in insulin (51 residues) was determined in 
about 10 years. Subsequently, advances in instrumentation 
and novel reactions have shortened the process consider- 
ably. Ribonuclease (124 residues), tobacco mosaic virus 
protein (158 residues) and myoglobin (153 residues), for 
example, were worked out in a few years. 

We initiated this investigation to see whether machine 
analysis of sequencing data could reduce the  amount of 
effort involved in working out protein and nucleic acid 
sequences. In this paper we present preliminary results indi- 
cating the feasibility of a new approach to this problem. 

Sequence determination by machine 

A computer has been programmed to use a small set of 
strategic rules which enable it  to scan compositional and 
sequence data  on peptides to determine the sequence of 
the protein to the maximum extent consistent with the 
information  content of the inputs. The computer initially 
examines the fragments, making only categorical deduc- 
tions which are retained in its memory. A specific example 
of this procedure worked out “by hand”  is given  below. 
After all categorical deductions have been made the com- 
puter re-examines the  inputs, applying successively stronger 
strategic rules to extract  more  information on how to 
find the sequence of the protein. Since the stronger rules 
force the computer to work harder, the weaker rules are 
applied first. The formulation of the set of strategic rules- 
and  the translation of these rules of logic into a language 
with which a digital computer  can operate-has been one 
of the most challenging aspects of this project. 

Essentially the program tells the  computer to perform 
the following tasks: 

1. Sort the fragments (inputs) according to first (N- 

terminal) symbol and chain length. 
2. Construct a binary matrix to represent inclusion re- 
lationships within each set of fragments having the same 
first symbol. 
3. Evaluate and store in memory the maximal sets of 
fragments with distinct first symbols. 
4. Compute  partial sequences within fragments from de- 
gree of intersection of fragments with identical first 
symbols. 
5. Compute degree of overlapping of all fragments. 

Information quality of  inputs 

The completely programmed computer will accept sets 
of data of high (e.g., Thr.Pro-Lys.Asp), low (Thr,  Pro, 
Lys, Asp) or intermediate (Thr.Pro. (Lys, Asp)) quality. 
The number of such sets of data which  will  be required 
to solve a given sequence will depend in part upon  their 
quality and  in  part  upon their relationship to sites along 
the original sequence. It may be impossible to find the 
sequence of a molecule if only low quality data is used. 
Thus  the sequence ABABAB can only be determined to 
the extent of knowing AB(AB)AB, i.e, the  order of AB 
within the brackets is not known. This will hold even if 
we have all possible fragments of the  form L(X,  X, )  
(where L is the leftmost member and ( X ,  X,)  is the 
composition). 

The number of fragments required to  obtain  the se- 
quence of a molecule “strongly” (i.e., leaving only small 
pockets of ambiguity) depends in large measure upon  the 
selectivity with which we can obtain  the fragments. If the 
fragments reflect a random selection from the original 
molecule, then  “strong” sequencing of a molecule of 
length n can generally be obtained with n In n fragments. 
If the set of fragments is randomly  distributed and if we 
can select from this set certain fragments with particular 
properties, e.g., the set of fragments all of which begin 
with threonine,  then strong sequencing can be accom- 
plished with n fragments (where n is the count on  the 
fragments selected from  the  random set). Chemically, this 
process could be exemplified  by an indifferent fission 
followed by an analysis of those fragments possessing a 
particular  chromatographic property. 

Finding sequencing with low quality inputs 

Of particular interest is the use of the computer to deter- 
mine sequences in cases in which the average quality of 
the  input  data is significantly lower than has been used to 
determine the presently known protein sequences. Low 
quality data which can be obtained in reasonably large 
quantity with minimal expenditure of  highly skilled human 
effort is (1) the number of times an element occurs in the 
protein or fragment and (2) the N-terminal element. 247 
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The first question to be  asked of the computer is whether 
the sequence of a protein can in fact be found from a 
sufficiently complete  set of such low quality data. Although 
low quality data has  been  utilized to varying  degrees  in the 
determination of most protein sequences, no protein se- 
quence  has  been  determined  using  only  such data. To 
investigate the feasibility of such a technique we have 
carried out a series  of  “model  experiments”  with  hypo- 
thetical data of this nature. These  model  experiments  can 
be carried out by hand for a short sequence,  using the same 
set of rules which are programmed into the computer. 

Sequence analysis of insulin fragment 

We assume a knowledge of the composition of the protein, 
that is, a knowledge  of the kinds and frequencies of acids 
in the molecule. Further, when the molecule  is  broken 
down into fragments, we know the composition of the 
fragments.  Finally, we assume that the N-terminal  acid 
of the molecule and of each  fragment  is  known. 

The hypothetical  molecule we are to reconstruct, PI,, 
has the composition of a part of the insulin  molecule  de- 
scribed  above,  namely, Cys.(Arg, Phe,  Phe, Thr, Gly, 
Gly,  Ala, Glu, Pro, Lys,  Tyr) further abbreviated by 

O(46) l(223479) 2(2379)  3(578) 
O( 1446) l(224) 2(239) 
O( 146) l(2249) 2(3789) 

4(22)  6(1224)  7(58)  9(378) 
4(  146) 604) 
4(229) 
4(  12246) 

B. Deductions (+) from the initial information based 
upon the identity of left-hand  symbols are now  possible 
from the composition data, viz., 0(1,2,2,3,4,4,5,6,7,8,9): 
let n = total number of occurrences of the particular left- 
hand symbol  in the entire sequence. 

0 n = l  

O(46) 
O(146) 
O(46)l 
O(1446) 
0(46)14 

@ n = l  
l(224) 
l(2249) 
1(224)9 
l(223479) 
1(224)9(37) 

@ n = 2  @ n = l  
0 . ( 1 , 2 , 2 , 3 , 4 , 4 , 5 , 6 , 7 , 8 , 9 ) .  2(239)  2(3789)  3(578) 

Fragments corresponding to those  produced by a hypo- 2(2379) J. J. 
thetical “indifferent  fission”  hydrolysis  experiment were 2(239)7  2(3789)  3(578) 
obtained by using a random number  generator to decide 
at which bond fission  would  occur. The resulting  single @ = 2 @ n = l  
amino  acids and dipeptides were discarded. The remaining 

which the probability of bond breakage was 0.3, 28y0 of  4(146)22 
the bonds were actually  broken and the median  peptide 
length was 4.2, or 35% of the  total fragment length. 

I- 
fragments are listed in Table 1. In a typical run during /g l;2?6) no fragments 

@ n = l  

($14) 
Table Fragments remaining in hypothetical mol- 6(  1224) 

ecule after simulated fission  occurred and 6(14)22 
single amino acids and dipeptides were 
discarded. 

l- 
@ n = I  

1.  6(1224) 
2. O(46) 

7.  6(14) 13.  4(146) 
8. 3(578) 14.  4(229) 

3. 2(2379) 9. 9(378) 15.  2(3789) 
4. 7(58) 10. l(224) 16. O(146) 

no fragments 

5. l(223479) 11. O(1446) 17. l(2249) 
6. 4(22) 12.  2(239) 18.  4(12246) C. The total number of deductions in B are summarized. 

This now represents the total information up to this point, 
viz., 

A typical  procedure for determining the sequence of the o(46)14 fragments of Table 1 by computer methods is as follows: 
1(224)9(37) 

A.  The fragments are sorted and arranged according to 2(3789)  7(58) 

4229 
4(146)22 

2(239)7  6(14)22 

248 the known left-hand symbols: 3(578)  9(378) 
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identified  with internal symbols  (bracketed). 

Symbol 0 Fragments No deductions 

Symbol @ Fragments containing “1” Deductions: 
0(46)14 

0(146)14  0(46)14 
1(224)9(37) 4 0 ( 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

4(  146)22 

6(  14)22 

We  now have 04614229(37) plus  unused  fragments : 

2(239)7 4229 
2(3789) 7(58) 
3(578) 9(378) 

Symbol @ Fragments containing “2” Deductions: 

2(239)7 

2(3789) 

4229 

2(3789) 

04614229378 

We  now  have 04614229378 plus  unused  fragments : 

3(578) 

9(378) 
7(58) 

T 
Symbol @ Fragments containing “3” Continuing: 

3(578) 
3(578) 

9(378) 

We  now  have 046142293785 plus  unused fragment: 

7(58) 

Symbol @ Fragment containing “7” Continuing: 
046142293785 

7(58) 
046142293785 

All  of the information which  was supplied  in the original 
set of fragments  (Table 1) is  now  included in the final 
deduction.  Some of the deductions were  vacuous.  They 

nevertheless  have  been  carried out 1 ;o guarantee that  the 
information carried in fragments 7(58),  9(378),  6(14)22 
and 4229 is  used.  These  fragments  hence  confirm the un- 
ambiguous  sequence 046142293785. 

This example,  using a chain  length of 12, has been 
chosen to illustrate the procedure which the computer 
follows. The particular example  could  be and was worked 
out by hand. For longer  chains  difficulty in sorting by 
distinct left-hand symbols and the number of deductions 
to be  made  increases  very  rapidly.  At  relatively short chain 
lengths  these  two  procedures outstrip human  capabilities 
and can satisfactorily  be  worked through only by machine 
methods.  Recently a punch card method for facilitating 
the deduction  process by hand  has been rep~rted.~’ 

The number of peptides  required to give  sufficient  over- 
lap to completely  determine the sequence in any particular 
case is a variable. The entire sequence  in the example was 
determinable  with  only  eight  peptides  selected from the 
randomly  generated  sample of 18. There is some proba- 
bility that the sequence  would not have been determinable 
even  if all 18 were  used. 

We have  carried out similar  experiments  with a random 
degradation (p breakage = 0.2) of ribonuclease,  con- 
taining 124 amino  acids.  The  complete  sequence  was  un- 
ambiguously  determined  using 300 fragments in the first 
model  experiment and 250 fragments in a second  experi- 
ment. The average  number of fragments  required  (de- 
termined from many  model  experiments)  has  yet to be 
ascertained for this  protein. 

There are a number of points to be established by studies 
of this type: (1) the average  number of fragments  required 
for a given protein chain  length, (2) the optimum  size 
distribution of fragments, (3) the relative  gain in infor- 
mation by knowing in addition the penultimate  left-most 
element or the carboxyl-terminal  amino  acid of a par- 
ticular  fragment, (4) the relation between the degree  of 
ambiguity at any  time and the number of fragments  used 
up to  that point, ( 5 )  the relative information values  of 
specific  (e.g.,  enzymatic) degradation of the sequence  vs 
less or nonspecific  degradations, (6) the effects  of errors 
in chemical  analyses and techniques for their detection 
and correction. 

Residual ambiguity and partial sequences 

The question of “residual ambiguity” deserves particular 
attention. It may not be  necessary in a given application 
to know the complete sequence for the entire protein. 
Perhaps only the sequence around a particular active site 
is  needed. It is  definitely  advantageous not to require 
complete  sequences  since  ambiguity  decreases  rapidly at 
first but only  very  slowly  near the end, the removal of the 
last bits of ambiguity  requiring rather large  numbers of 
pieces  of data (peptide  fragments). 

P 
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An important feature of the proposed  method would 
be that  an unambiguously determined sequence for a 
particular  protein  programmed into  the computer  could 
be used to locate the position of the change  in sequence 
in a mutant of the protein. 

Application to polynucleotides 

Although the method has been described in  terms of 
proteins it is, in principle, equally applicable to the de- 
termination of nucleic acid sequences. However, a much 
greater number of fragments will be  required because 
(1) the nucleic acid alphabet has  only four letters and 
(2)  nucleic acid sequences are, in general, much longer. 
However, this difficulty may be  obviated  in the  future by 
either : 
(1) Selective fragmentation of nucleic acids to smaller 
units which still contain  demonstrable genetic informa- 
t i ~ n , ’ ~ ’ ~ l  or 
(2) The purification of shorter nucleic acid sequences, 
some of which are  the genetic-biochemical transducers  in 
the synthesis of single  protein^.^^'^' 

The recent development of computer  programs to 
analyze the composition of oligonucleotides from ultra- 

violet spectra of their  hydrolysate^^^ may accelerate 
progress in this field considerably. 

Summary 

This  paper describes preliminary results indicating the 
way in which complex mathematical analysis can be 
utilized to determine the sequences of amino acids in 
large proteins. A new, logical system for sequencing 
proteins by digital computers based on  the reassembly 
of nonspecifically fragmented  protein  subchains (peptides) 
is described. The method is particularly well adapted to 
use low quality data such as (1) the overall amino acid 
composition plus (2)  the N-terminal element of each pep- 
tide. Unique sequence analysis is obtained through  the 
use of a sufficient number of overlapping  peptides  pro- 
duced by “indifferent fission.” Preliminary studies, using 
the logical sequence tracing system described, indicate that 
sequences can be determined with surprisingly high effi- 
ciency using only such data. 

The methods described here  have been programmed 
and tested successfully with  randomly  generated amino 
acid sequences to a  length of 750 residues. A paper de- 
scribing these results is in preparation. 
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