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ABSTRACT: The aminoacyl-tRNA synthetases are united by a common function with little evidence of a 
common structural relationship. Outside of an 11 amino acid stretch called the “signature sequence”, no 
global primary sequence similarity exists. The signature sequence matches 4-1 1 amino acids in several 
aminoacyl-tRNA synthetases. High-resolution X-ray data are available for two of these enzymes, revealing 
that their signature sequence regions are  small segments of a common mononucleotide binding foldlike 
structure. A new methodology for the analysis of dissimilar primary sequences supports the expectation 
that all of the signature sequence regions form a common structure. In our analysis, two complex pattern 
descriptors were constructed to describe the synthetase mononucleotide binding fold. These were compared 
to primary sequences annotated with predicted secondary structures and hydropathy profiles. Regions in 
8 out of 12 (67%) heterologous aminoacyl-tRNA synthetase groups (where each group is specific for the 
same amino acid) match the first descriptor, and 7 of these (58%) also match the second descriptor. In 
contrast, only 4 regions in a set of 54 control proteins (7.4%) match the first descriptor, and only 2 regions 
(3.7%) match both. Alignment of these 8 regions to the descriptor (1) positions all known signature sequence 
regions as the first loop of a mononucleotide binding foldlike structure, (2) extends the previous alignments 
by another 40-odd amino acids, and (3) identifies potential sites in 3 out of 6 heterologous aminoacyl-tRNA 
synthetases with no previous alignments. Potential sites are also proposed for two additional heterologous 
synthetases on the basis of matches to less specific descriptors. 

Aminoacyl- tRNA synthetases share a common function, 
which is to attach an amino acid to its cognate tRNA in 
protein biosynthesis. Despite this, they have little to unite them 
as common protein structures (Schimmel & Soll, 1979; 
Schimmel, 1987). Their quaternary structures vary from a, 
a2, and a4 to afi2, and the individual subunits, which contain 
a complete set of substrate sites, range in size from 300 to 1000 
amino acids. Twenty-two aminoacyl-tRNA synthetase se- 
quences have been generated from three bacterial species and 
from Saccharomyces cereuisiae [reviewed by Schimmel 
(1987)l. These form 12 heterologous groups of synthetases, 
each specific for the same amino acid. Throughout this paper, 
synthetases in the same group are usually referred to as one 
type of 12 heterologous synthetases. Synthetases within the 
same group share primary sequence similarities of high sta- 
tistical significance and are therefore believed to be homolo- 
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gous. However, computer searches for sequence similarities 
between pairs of synthetases from different groups have not 
revealed any extended regions of similarity (Hountondji et al., 
1986a,b; Schimmel, 1987). 

Four lines of evidence suggest that common structures may 
exist among heterologous synthetases. One, high-resolution 
X-ray structures are available for Bacillus stearothermophilus 
Tyr-tRNA synthetase and a fragment of Escherichia coli 
Met-tRNA synthetase. These reveal the existence of a com- 
mon structure found in many nucleotide binding proteins: the 
Rossman mononucleotide binding fold (MNBF) (Rossman et 
al., 1975; Zewler et al., 1982; Blow et al., 1983). From co- 
crystal structures of the nucleotide-bound enzymes and from 
site-specific mutagenesis studies, the function of this domain 
is implied to be the binding of ATP and the aminoacyl ade- 
nylate [reviewed by Blow and Brick (1985)l. Two, the Ile-, 
Glu-, Gln-, and Trp-tRNA synthetases, whose structures are 
unknown, all contain “signature sequence” regions (Figure 1) 
which match sequences within the Tyr- and Met-tRNA 
synthetase MNBF-like structures (Barker & Winter, 1982; 
Webster et al., 1984; Myers & Tzagoloff, 1985; Breton et al., 
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FIGURE 1: Alignment of =signature sequence” regions of E .  coli 
aminoacyl-tRNA synthetases. Solid boxes indicate identities, and 
dashed boxes indicate conservative substitutions. Numbers indicate 
the first amino acid position. The signature sequence is defined as 
a match of 1 1 amino acids (10 identities and 1 conservative change) 
between E.  coli Ile-tRNA synthetase and E.  coli Met-tRNA synthetase 
(Webster et al., 1984). 

1986). Three, affinity labeling studies have led to identification 
of lysine residues at the CCA binding site of tRNA in E .  coli 
Met- and Tyr-tRNA synthetase (Hountondji et al., 1985, 
1986a,b). Sequence similarities of 4-8 amino acids have been 
found between this 11 amino acid “Lys-335” region of Met- 
tRNA synthetase and the Ile-, Trp-, Tyr-, Gln-, Phe-, and 
Ala-tRNA synthetases (Hountondji et al., 1986a). Four, 
deletion studies of the larger synthetases suggest that variability 
in subunit lengths is not caused by differences in the sizes of 
the catalytic domains but results from variable fusions of extra 
polypeptide domains to a catalytic core (Cassio et al., 1971; 
Waye et al., 1983; Jasin et al., 1983; Schimmel et al., 1984). 

In this study, we tested the expectation that all signature 
sequence regions are part of a common MNBF, by using a 
methodology which employs a new pattern-directed inference 
system. It is designed to identify probable common structures 
among dissimilar primary sequences by allowing search de- 
scriptors to include predicted secondary structure elements. 
In order to confirm its validity, the method was first applied 
to the set of NAD and FAD binding proteins which were 
reviewed by Birktoft and Banaszak (1984) and are known to 
have a common structural motif. Subsequent application to 
aminoacyl-tRNA synthetases, one, identifies the signature 
sequence region as the first loop of a potential MNBF 
structure, two, extends the proposed alignment approximately 
another 40 amino acids, and three, identifies potential MNBF 
regions in 3 heterologous synthetases which do not contain an 
identifiable signature sequence. 

There are four steps to the method (Figure 2): One is 
analysis of common structural motifs shared by the X-ray 
structures to construct an initial pattern descriptor. Two, the 
primary sequences of two sets of proteins-one united by the 
common function and the other a representative control 
set-are annotated with predicted secondary structures. Three, 
the pattern-directed inference system ARIADNE (Lathrop et 
al., 1987)’ carries out the search and identification of matches 
between the descriptor and the two sets of proteins. Four, the 
current descriptor is iteratively refined to increase its ability 
to discriminate between the functional and control sets. 

There are three components to this method. The first is the 
descriptor vocabulary. The second is a procedure for con- 
structing and optimizing the descriptor. The third is the 
pattern-directed inference system [previously described in 
Lathrop et al. (1987);’ see Materials and Methods], which 
searches for Occurrences of the descriptor within the annotated 
protein sequences. 

The descriptor vocabulary currently consists of primary 
sequence elements, “higher-order” elements, and “spacer” 
elements. Primary sequence elements can be a specific amino 

’ In this system, when the rule pattern is recognized, the action is to 
construct a higher order structure. Therefore, this expert system differs 
in that it does not employ the more heuristic “rule of thumb” knowledge 
typically associated with rule-based expert systems. 

acid or a class. Higher order elements are combinations of 
primary sequence elements and/or secondary structure ele- 
ments that can be inferred from the primary sequence by a 
variety of empirical prediction schemes. These schemes suffer 
from accuracies of only 50-70% and include underprediction, 
overprediction, and boundary errors (Schultz & Schirmer, 
1979; Kabsch & Sander, 1983), and so the vocabulary is 
constructed to include a tolerance for error as described below. 

An initial descriptor is constructed on the basis of analysis 
of X-ray structures of common structural motifs and available 
biochemical and genetic data. This contains only the minimum 
primary and secondary structure elements which appear es- 
sential. The complexity of the initial descriptor is iteratively 
increased or decreased to maximize its discrimination between 
the functionally related proteins and a representative control 
set. 

Much of the utility of the method arises from the inclusion 
of complex, higher order elements. Previous pattern-matching 
methods have utilized complex combinations of primary se- 
quence elements, which in some cases represent secondary 
structure elements (Cohen et al., 1986; Taylor, 1986; Wierenga 
et al., 1986; Bashford et al., 1987; Gascuel & Danchin, 1987). 
Our method differs in that it directly utilizes secondary 
structure elements generated by empirical prediction schemes. 
This increases the sensitivity of the descriptors so that, for 
example, we identify potential MNBF secondary structure 
elements in synthetases, whereas, a primary sequence pattern 
for a similar @@fold (Wierenga et al., 1986) does not identify 
any potential sites in synthetases. 

There are several factors which may influence the accuracy 
of descriptors containing these higher order elements. One, 
a tolerance for error is built into the descriptor vocabulary. 
Each element’s significance in the pattern is allowed to vary 
by weighting its contribution to an overall “similarity score” 
(Materials and Methods). A tolerance for secondary structure 
boundary errors is included in two ways. A primary sequence 
element can be combined with a predicted secondary structure 
element within a range of positions, and predicted secondary 
structure and higher order elements can be flanked by “spacer 
elements”. Spacer elements, ‘‘Xi/, are amino acid strings of 
any type within a length range i-j. Two, a minimal descriptor 
complexity is required to reduce the background of false 
positive matches (sites which do not in fact fold into the de- 
scriptor structure) in the control set. This controls secondary 
structure overprediction to a certain extent because, the more 
complex the descriptor, the more unlikely it becomes that the 
required sequence of primary and secondary structure elements 
will occur by chance. 

A final factor which may influence descriptor accuracy is 
our optimization of secondary structure prediction. Our 
PRSTRC (Ralph et al., 1987) implementation of the Chou/ 
Fasman (Chou & Fasman, 1978) prediction scheme exploits 
the fact that different protein structural classes have different 
biases for optimal prediction (Garnier, 1978), by giving the 
user control over several parameter values. We adjusted these 
so that the a-helices and @-sheets of the descriptor structure 
(Figure 4A) were predicted with 100% accuracy, and those 
of the entire N-terminal a@ domains (Blow et al., 1983) of 
the Met- and Tyr-tRNA synthetases were predicted with 75% 
accuracy (Materials and Methods). These optimized param- 
eters may improve the structure prediction accuracy for the 
synthetases with unknown three-dimensional structure. In- 
dependent predictions from more than one prediction scheme 
were combined. Hydrophobic moment (described below), used 
to predict a-helices, is completely independent, and average 
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FIGURE 2: Flow chart of the methodology which utilizes the pattern-directed inference system. 

hydropathy, used to predict P-strands, is partially independent 
of the ChouIFasman predictions. Finally, when the same 
region is predicted to fold into more than one structure, each 
prediction is separately included in the search data set. This 
factor substantially reduces underprediction. 

Our study utilized two descriptors which contain the same 
secondary structure elements predicted by two different 
schemes. A third “composite” descriptor required that sec- 
ondary structure elements be predicted by both schemes. One 
scheme uses the Chou/Fasman pseudoprobability constants 
(Chou & Fasman, 1978) and was carried out by the program 
PRSTRC (Ralph et al., 1986); the other uses hydropathy values 
(Kyte & Doolittle, 1982) and is described under Materials and 
Methods. Hydropathy values imply protein structure because 
of the following relationships: one, a-helices that lie at the 
protein surfaces tend to have a hydrophobic and hydrophilic 
face (Eisenberg et al., 1982) and consequently a large 
“hydrophobic moment” (Eisenberg et al., 1984); two, @-sheets, 
which frequently occur in the interior of globular proteins, tend 
to be particularly rich in hydrophobic residues (Chou & 
Fasman, 1978). 

MATERIALS AND METHODS 
Hydropathy-Based Secondary Structure Predictions. Peaks 

in hydropathy profiles, “H-peak” elements, were assigned as 
potential P-strands. A hydropathy profile was generated by 
determining the Gaussian-weighted average hydropathy, H(n), 
of a short segment and attaching the value to the central amino 
acid, n, in the segment. H(n)  is calculated as follows: 

W (1) 
i=-w H(n) = 

e+/$)* 
i=-w 

where Y is the numerical hydropathy value from the scale of 
Kyte and Doolittle (1982) of the (n + i)th residue. We set 
w (the window) and s (the smoothing factor) equal to 4 and 
2, respectively. 

Peaks in hydrophobic moment profiles, “P-peak” elements, 
were assigned as potential a-helices. Hydrophobic moment 
(Eisenberg et al., 1984) is a value which reflects the degree 
to which the hydropathy profile of a periodic protein structure 
alternates between being hydrophilic and hydrophobic. A 
hydrophobic moment profile was generated by determining 
the hydrophobic moment, P(n), for a segment and attaching 
the value to the central amino acid, n, in the segment. P(n) 
is calculated as follows: 

We set p (the period) to 3.6 and w to 3. The profile was then 
smoothed by computing Gaussian-weighted averages for seg- 
ments using eq 1 with P(n + i )  substituted for Y(n + i ) ,  w 
equal to 15, and s equal to 9. 

In both cases, the size of the Gaussian was optimized for 
peaks which corresponded to the nucleotide binding fold 
surface helices and buried @-strands of B. stearothermophilus 
Tyr-tRNA synthetase. 

ChoulFasman-Based Secondary Structure Predictions. 
Secondary structure predictions were carried out by PRSTRC, 
a modified Chou-Fasman analysis. The following user input 
values [defined in Ralph et al. (1 986)] were used for amino- 
acyl-tRNA synthetases: a former = 1.12; a threshold = 1.08; 
a cutoff = 1.00; @ former = 1.23; P cutoff = 0.97; minimum 
turn value = 0.50. These parameter values optimized pre- 
dictions of the B. stearothermophilus Tyr-tRNA synthetase 
secondary structure elements [see Figure 2 of Winter et al. 
(1983)] and E .  coli Met-tRNA synthetase (S. Brunie, personal 
communication) as described above. 

Construction of Control Set. Fifty-four proteins were se- 
lected for the control set in order to create a set which 
structurally and functionally represents known proteins. Two 
proteins were selected from each of the 27 functional groups 
of the PIR/NBRF data base (George et al., 1986), one with a 
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FIGURE 3: Alignment of the descriptor with dinucleotide binding domains (Birktoft & Banaszak, 1984; Figure 4, reprinted with permission). 
The descriptor of the first @&fold of the dinucleotide binding domain (described in text) is at the top of the figure. The amino acid regions 
predicted to fold into @-strand A (PA), a-helix B (aB), and 8-strand B (PB) are enclosed in the first, second, and third box, respectively, of 
each sequence. The secondary structure assignments from the X-ray data are indicated by solid bars below the figure. Abbreviations for 
enzyme names are as follows: mMDH, mitochondrial malate dehydrogenase; sMDH, cytosolic malate dehydrogenase; LDH, lactate dehydrogenase; 
LADH, liver alcohol dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GTHR, glutathione reductase; LIPDH, lipoamide 
dehydrogenase; PHBH, p-hydroxybenzoate hydroxylase. Asterisks indicate the positions of conserved amino acids. 

known structure and one with an unknown structure. Among 
the set of 27 proteins with known structures, an attempt was 
made to select evenly from the 4 structural classes defined by 
J. Richardson (Richardson, 1981): a, a/@, @, and small and 
disulfide rich. This test set is thus intentionally a nonrandom 
collection drawn to uniformly sample the space of known 
protein types. However, selection within each functional type 
and structural class was at random. The PIR/NBRF locus names 
of this set are HRTHBD, MYSLG, LZBPT~, FXCLEX, XNCHDC, 
R5EC7, L2HUMC, CCBN, IHKREV, CSBO, ISCHT, KIBYG, TISY, CVJB, 
JGECA, RCBPL, VCTNS, NTSR3C, IPPG, VBHU, KLBOI, YKPG, 
CPBOG2, PSPGA, UHHU2, QXBOaL, ACHUAl, NFRTl, BHTLD, 
04RBP2, MCSW, HSSFZM, APBPML, RKEGL, HLMSAB, C3MSAT, 
IVMSA1, AXPG, R3EC1, UBCHA, LQBP37, QXHU6M, WMEClS, 
DECHE, BMTD, FJEC, FOFVlR, KIRBCM, QRHULD, TXEC, RGBYA2, 
FSFB, YVBPMS, and SYECCS. 

The above set was used for the synthetase descriptor without 
filtering of nucleotide binding proteins, since the structure of 
the synthetase MNBF is considerably more complex than that 
of other nucleotide binding classes (Results). The synthetase 
descriptor incorporates these differences. The control set for 
the NAD/FAD binding descriptor was filtered to remove the 
nine nucleotide binding proteins, since the structures of the 
first a@ unit of known ATP, GTP, and dinucleotide binding 
classes (Results) are usually quite similar. 

ARLADNE. A hierarchical, pattern-directed inference system, 
ARIADNE [described fully in Lathrop et al. (1987)],’ is used 
to search multiple paths through the network of multiple 
secondary structure predictions. Direct representation of 
higher order protein structures as pattern elements is allowed. 
ARIADNE finds optimal alignments of the descriptor after al- 
lowing gaps and insertions. 

In this implementation, “matches” were regions which gave 
positive “similarity scores” [described in Lathrop et al. (1987)] 
with the descriptor. Match scores were 1 for amino acids, 
“H-peak” elements, and “P-peak” elements; and the value of 

the averaged pseudoprobability constants for PRsTRc-predicted 
secondary structure elements. Mismatches were not allowed 
for any elements except the spacer elements. The mismatch 
score for these was -(l+r/3) where r is the number of amino 
acids outside of the specified range. 

RESULTS 
NAD and FAD Binding Proteins. We calibrated the method 

against a set of known structures, the “dinucleotide binding 
domains”. The dinucleotide binding domain exists in a class 
of enzymes called oxidoreductases. X-ray structures of seven 
unrelated oxidoreductases show that they share a common 
structural motif of four parallel @-strands and at  least one 
cy-helix which have the same connectivity and topology 
(Birktoft & Banaszak, 1984). Six unrelated NAD and FAD 
binding domains have been aligned on the basis of confor- 
mational similarities (sMDH, LDH, LADH, GAPDH, 
GTHR, and PHBH) and two by homology (mMDH and 
LIPDH). This alignment shows that only 5 out of approxi- 
mately 95 structurally equivalent amino acids are conserved 
(Birktoft & Banaszak, 1984) (Figure 3). 

We constructed a single descriptor which correctly locates 
the dinucleotide binding domain in six of these eight enzymes 
(75%) when the initial input is only primary sequence. The 
descriptor (top of Figure 3) contains three higher order ele- 
ments: (1) a predicted @-strand with a Gly within one residue 
of the C-terminus; (2) a predicted a-helix with a Gly within 
four residues of the N-terminus; and (3) a predicted @-strand 
with an Asp or Glu within two residues of the C-terminus. One 
boundary of each higher order element was set at the position 
of the included primary sequence element and the other at the 
terminus of the predicted secondary structure. The three 
primary sequence elements play important functional and 
structural roles in the dinucleotide binding domain (Birktoft 
& Banaszak, 1984). Between the higher order elements are 
spacer elements: X3,4 and X-7,9. The -7 represents an allowed 
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overlap of seven amino acids between the predicted C-terminus 
of element 2 and the N-terminus of element 3. 

The dinucleotide binding sites of sMDH and GAPDH 
(Figure 3) do not match this descriptor. In sMDH, the a-helix 
N-terminal Gly has been replaced by Ala-16, and the N- 
terminus of the predicted helix is more than four residues 
beyond this Ala. 8-Strand A is not predicted in GAPDH. This 
shows that missed identification can result if the descriptor 
is too specific and/or if the secondary structure predictions 
are inaccurate. One false positive match occurred within 
amino acids 198-235 in LDH in addition to the six correct 
matches. In this region, the a-helix which corresponds to 
a-helix B in the descriptor structure was erroneously predicted. 
Since confirmation of X-ray structures will not usually be 
available, estimation of the extent of false positive background 
can be determined only by comparison to the set of control 
proteins. Only 2 out of 45 (4.4%) control proteins (Materials 
and Methods) match the descriptor. 

Aminoacyl-tRNA Synthetases. The two well-defined 
aminoacyl-tRNA synthetase X-ray structures share a common 
structure which resembles the Rossman mononucleotide 
binding fold (MNBF) (shown schematically in Figure 4A). 
Loop 1 of this structure contains the signature sequence. Two 
descriptors (Figure 4B) were constructed to describe this 
MNBF. They contain higher order elements which occur in 
the first pap-fold formed by 8-strand A, loop 1, a-helix B, loop 
2, and @-strand B. The four higher order elements of the first 
descriptor (top row of Figure 4B) contain secondary structure 
elements predicted by Chou/Fasman pseudoprobabilities 
(Materials and Methods). These elements are (1) a predicted 
/3-strand, (2) a predicted 8-turn, (3) a predicted a-helix with 
the following dipeptide-a Gly followed by either His, Asn, 
or Gln within four residues of the N-terminus, and (4) a 
predicted P-strand. The higher order elements of the second 
descriptor (bottom row of Figure 4B) are similar except that 
the predicted a-helix (P-peak) and &strands (H-peaks) are 
based on hydropathy values (Materials and Methods). 

Construction of descriptors 1 and 2 with the dipeptide 
G[HNQ] as an essential element was obtained after partial 
descriptor optimization and is based on the following infor- 
mation. The sequence H[bulky hydrophobe1GH (amino acids 
45-48 in B.  stearothermophilus Tyr-tRNA synthetase) is the 
most conserved portion of the signature sequence region 
(Figure 1). The Gly residue occupies an analogous position 
in a common nucleotide binding &unit, which is charac- 
terized by a loop connecting a @-strand at the carboxyl end 

of a 8-sheet to an approximately antiparallel a-helix (Schultz 
& Shirmer, 1979). This a/3-unit-which is found in GTP 
binding EF-Tu (la Cour et al., 1985), ATP binding adenylate 
kinase (Fry et al., 1986), and dinucleotide binding oxido- 
reductases (Rossman et al., 1975; Birkloft & Banaszak, 
1984)-differs from the two known synthetase a@-units in that 
the loop is much shorter and changes direction much more 
abruptly (Blow & Brick, 1985). However all ab-units have 
in common a glycine found at the C-terminus of the loop close 
to and/or at the beginning of the helix (the third asterisk in 
Figure 3). Occasionally, an alanine is found in this position 
(Birkloft & Banaszak, 1984) and is tolerated in the genetically 
engineered Tyr-tRNA synthetase (Brown et al., 1986). In 
oxidoreductases, a larger side chain would prevent compact 
folding of the ap-unit (Birkloft & Banaszak, 1984; Wierenga 
et al., 1985). Since this glycine is the only highly conserved 
primary sequence element found across all nucleotide binding 
classes, it was included in all descriptors as an essential ele- 
ment. 

In the optimization process, we tested descriptors with 
residues corresponding to the B.  stearothermophilus Tyr- 
tRNA synthetase His-45 position, which plays an apparent 
catalytic role (Leatherbarrow et al., 1985), and the His-48 
position, which makes an apparent H-bond contact with the 
ATP (Lowe et al., 1985). We did not test restrictions on the 
type of residue allowed in the “bulky hydrophobe” position 
since it does not have an apparent essential role. We found 
that a version of descriptor 1 which contains the peptide 
[HNQJXG rather than G[HNQ] matches a much smaller 
percentage of potential sites in the synthetase set relative to 
the control set. Also, a descriptor containing the dipeptide 
G[HNQKRC] rather than G[HNQ] is much less specific. 
The latter is consistent with mutagenesis experiments which 
show that replacing His-48 with Asn or Gln yields active 
Tyr-tRNA synthetase, whereas replacement with Lys abolishes 
all measurable activity (Lowe et al., 1985). Thus, partial 
optimization resulted in our inclusion of the dipeptide G- 
[HNQ] in descriptors 1 and 2. 

Table I lists the number of heterologous synthetase and 
control protein matches to the first, second, and composite 
descriptor. A MNBF descriptor should match on the order 
of only one site per synthetase, which is the usual binding 
stoichiometry for ATP and the aminoacyl adenylate (Schim- 
me1 & Soll, 1979). The first descriptor is quite specific. Of 
the 12 heterologous synthetases, 8 (67%) contain sites which 
match the descriptor. In contrast, only 4 of the 54 control 
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Ludmerer, 1987 

Winter b Earthy, 1977 

Eall, et el., 1982 

Heyers b Tzagoloff, 1985 
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FIGURE 5 :  Proposed alignment of aminoacyl-tRNA synthetase sequences with the first Pap-fold of a mononucleotide bindinglike structure. 
The regions predicted to fold into PA, the turn, aB, and PB are enclosed in the first, second, third, and fourth solid box, respectively, of each 
sequence. Sequences which match the composite descriptor and/or descriptor 1 are indicated with a "+" to the right of the figure. Secondary 
structure assignments for the B. stearothermophilus Tyr-tRNA synthetase and E .  coli Met-tRNA synthetase X-ray structures are indicated 
with an underline. The a-helix and @-strand assignments for the tyrosyl enzyme were taken from Table I of Blow et al. (1983), and those 
for the methionyl enzyme were from S. Brunie (personal communication). The turn assignments were taken from the stereoscopic drawing 
in Figure 1A of Blow et al. (1983). Dashed boxes indicate weakly predicted secondary structure elements, using the following changed PRSTRC 
parameters (see Materials and Methods): 0 former lowered to 1.20 for E .  coli Gln-tRNA synthetase, a cutoff lowered to 0.94 for S .  cereuisiae 
Trp-tRNA synthetase, and 0 former lowered to 1.17 for Glu-tRNA synthetase. The two 0-strands enclosed in dashed boxes are predicted 
by the unmodified Chou and Fasman prediction scheme (a cluster of three 0 formers out of five residues is a predicted @-strand region). Footnote 
a, The alignment with Bacillus caldotenax Tyr-tRNA synthetase (Jones et al., 1986) is not included since it is 99% homologous with the enzyme 
from B. stearothermophilus. Footnote b, The incomplete sequence contains the first 140 N-terminal amino acids. 

proteins (7.4%) match the descriptor. Only one synthetase, 
Ala-tRNA synthetase, contains two sites. The second de- 
scriptor overpredicts the descriptor structure since 58% of the 
control proteins match this descriptor and all synthetases 
contain multiple matching sites. The composite descriptor is 
the most specific. Of the 12 heterologous synthetases, 7 (58%) 
compared to only 2 of the 54 control proteins (3.7%) contain 
sites which match this descriptor. Although the synthetase 
primary sequences (average length 640 amino acids) tend to 
be longer than the proteins in this control set (average length 
250 amino acids), the composite descriptor matches 10 sites 
per 10000 synthetase amino acids compared to only 1.5 sites 
per 10000 control protein amino acids. 

Figure 5 lists all probable candidates for MNBF regions 
within the 12 analyzed heterologous aminoacyl-tRNA 
synthetases. These include the nine regions in eight synthetases 
(one region in Met-, Tyr-, Ile-, Gln-, Trp-, Gly-, and Asp- 
tRNA synthetases and two regions in the Ala-tRNA 
synthetase) which match the first descriptor. Homologous 
sequences from species variants are listed for each proposed 
MNBF region of the Met-, Tyr-, Ile-, Gln-, and Trp-tRNA 
synthetases. These sequences all match the first descriptor 
except those for the E.  coli Gln-tRNA synthetase and S. 
cerevisiae Trp-tRNA synthetase proposed MNBF regions. 

These two sequences are each missing only a single predicted 
secondary structure element. Each of these elements is in fact 
weakly predicted (dashed boxes in Figure 5) but is outside of 
parameter ranges used in this study. No matches to the first 
descriptor occurred within any of the three Thr-tRNA 
synthetases (Mayaux et al., 1983; Pape et al., 1985; Pape & 
Tzagoloff, 1985), the two His-tRNA synthetases (Freedman 
et al., 1985; Natsoulis et al., 1986), the one Phe-tRNA 
synthetase (Mechulam et al., 1985), and the one Glu-tRNA 
synthetase (Breton et al., 1986). An alignment to the de- 
scriptor structure is proposed for Glu-tRNA synthetase (Figure 
5) based on a homology to Gln-tRNA synthetase (Breton et 
al., 1986; Discussion). 

DISCUSSION 
The analysis of eight NAD and FAD binding enzymes 

demonstrates that, despite a lack of primary sequence simi- 
larity, it is possible to construct a single descriptor which 
correctly locates six of eight (75%) common nucleotide binding 
structures based only on information derived from the primary 
structure. Only one of the seven regions located by the de- 
scriptor is a false positive, and this is located in the single 
protein that has two matches to the descriptor. This analysis 
is also a test case for the indirect method of estimating the 
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Table I: Number of Occurrences of Positive Matches with 
Descriptors in the Set of Aminoacyl-tRNA Synthetases (synth) and 
the Set of Control Proteins (cnt). 

Chou/Fas- 
man hydropathy composite 

matches/ descriptor 1 descriptor 2 descriptor 
protein svnth cnt synth cnt synth cnt 

4 49 
7 4 
1 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 22 5 51 
0 16 6 2 
4 7 1 0 
3 4 0 0 
2 1 0 0 
2 0 0 0 
1 1 0 0 
0 0 0 0 
0 2 0 0 

total 9/12 4/53 41/12 68/53 8/12 2/53 
“The values listed under each descriptor are the number of proteins 

with the specified number of multiple matches. For example (see val- 
ues in the first column), four proteins in the synth set have 0 matches 
to descriptor 1, seven proteins each have one match, and one protein 
has two matches to descriptor 1. The total (matches/protein) = (the 
sum of all matches in all proteins in the set)/(the total number of 
proteins in the set). 

false positive background, which is by comparison to the 
percentage of matched control proteins. For the NAD/FAD 
binding enzymes, it validates the intuition that when the 
proportion of functionally related protein which are matched 
(75% in this case) is much greater than the proportion of 
matched control proteins (4.4%) the majority of matches (86% 
in this case) are true positives. 

The synthetase regions (shown in Figure 5) which match 
the first descriptor are likely MNBF regions based both on 
statistics and by their agreement with available primary se- 
quence and structural alignments. Descriptor 1 matches 67% 
of the heterologous synthetases and only 7.4% of the control 
proteins. The x2 statistic (74 with one degree of freedom) 
indicates that these differences are significant at p < 0.001. 
As an additional control on the descriptor specificity, the 
dipeptide G[HNQ] was reversed to [HNQIG. This results 
in complete loss of discrimination between the synthetase set 
(2 heterologous groups matched/l2 = 17%) and the control 
set (6 proteins matched/54 = 11%) with p = 0.75. Descriptor 
1 uniquely matches the first @a@-unit of the known MNBF 
regions of the Tyr- and Met-tRNA synthetases (underlined 
in Figure 5) and also the signature sequence regions of Gln-, 
Trp-, and Ile-tRNA synthetase. In all alignments, the sig- 
nature sequence region matches loop 1 of the descriptor 
structure, as expected. Thus, this analysis supports the ex- 
pectation that this sequence is diagnostic of MNBF regions, 
extends the alignment another approximately 40 amino acids, 
and identifies potential secondary structure elements. 

Matches are found for three enzymes, the Gly-, Asp-, and 
Ala-tRNA synthetases, for which no previous evidence for a 
MNBF existed. Genetic studies with Ala-tRNA synthetase 
show that only the N-terminal 385 amino acids are required 
for aminoacyl adenylate synthesis (Jasin et al., 1983) and 
collaborate the match at amino acids 152-187. The second 
Ala-tRNA synthetase match is most likely a false positive; 
however, the ATP binding stoichiometry has not been deter- 
mined for this enzyme (Schimmel & Soll, 1979). 

The remaining three potential true positive matches do not 
contain a common residue in the position which aligns with 
the B. stearothermophilus Tyr-tRNA synthetase His-45 
(Figure 5). Thus, they and the Trp-tRNA synthetase appear 
to be lacking a residue which has a known catalytic role 
(Leatherbarrow et al., 1985). In addition, the three sites 

contain a Ser or Thr in the following position, which is usually 
occupied by a bulky hydrophobic residue (Figure 1). Although 
the descriptor is quite specific; the false positive background 
is not zero, and some or all of these matches are possibly 
erroneous. However, it is also possible that these enzymes 
could contain a class or classes of sites, which are less similar 
to those of the Tyr- and Met-tRNA synthetases. If so, the 
roles of the above two residues may be substituted by other 
residues in the three-dimensional structures. 

No regions in the Thr-, Phe-, Glu-, and His-tRNA 
synthetases match the first descriptor. MNBF structures could 
exist in these enzymes and not be identified because existing 
secondary structure elements are not predicted and/or the 
structures in these enzymes do not contain all the descriptor 
elements. Both are possibly the case for the E. coli Glu-tRNA 
synthetase. A potential MNBF site has been located on the 
basis of sequence similarity between it and E. coli Gln-tRNA 
synthetase (Brenton et al., 1986; Figure 5). However, in this 
site, the potential @-strand A is only weakly predicted (dashed 
box, Figure 5), and a Gly (Gly-19) is found in place of the 
His, Asn, or Gln element of the descriptor. It is possible that 
this enzyme tolerates the loss of an H-bond contact in this 
position, as does the genetically engineered Tyr-tRNA 
synthetase (Lowe et al., 1986). 

We attempted to identify possible sites in the remaining 
Thr-, His-, and Phe-tRNA synthetase by constructing a much 
less specific version of descriptor 1. This was allowed to match 
weakly predicted secondary structure elements and contains 
only the Gly primary sequence element. Although this de- 
scriptor has a high false positive background, a site is proposed 
for the Thr-tRNA synthetase group because a match occurs 
at the same homologous site within the three enzyme forms. 
These matches are located at amino acids 250-295 in the E. 
coli enzyme, amino acids 336-381 in the S. cerevisiae cyto- 
plasmic enzyme, and amino acids 47-99 in S. cerevisiae mi- 
tochondrial enzyme. We could not identify probable sites in 
Phe-tRNA synthetase and His-tRNA synthetase. Although 
it is recognized that this may be caused by general limitations 
in secondary structure predictions, it is also possible the sites 
in these enzymes may differ in some fundamental way from 
those in other synthetases. 

This study has demonstrated the specificity of partially 
optimized descriptors for potential synthetase MNBF struc- 
tures. These sites are presented as plausible models which can 
be subjected to experimental validation. Future work will be 
directed at automating all components of the method and thus 
increasing the ability to generate optimal descriptors. 
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