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different GST-ORF fusion under control of 
the P,,,,, promoter (2). To identify genes 

Approach for Identifying Genes encoding - particular biochemical activities, 
we purified this genomic set of GST-ORFs in 
64 pools of 96 fusions each (3). Then, we 

by the Activity of Their assayed the pools for a particular activity and 
deconvoluted active pools to identify the 
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For the identification of yeast genes specifying biochemical activities, a geno- 
mic strategy that is rapid, sensitive, and widely applicable was developed wi th  
an array of 6144 individual yeast strains, each containing a different yeast open 
reading frame (ORF) fused t o  glutathione S-transferase (GST). For the identi- 
fication of ORF-associated activities, strains were grown in  defined pools, and 
GST-ORFs were purified. Then, pools were assayed for activities, and active 
pools were deconvoluted t o  identify the source strains. Three previously un- 
known ORF-associated activities were identified wi th  this strategy: a cyclic 
phosphodiesterase that acts on adenosine diphosphate-ribose 1"-2" cyclic 
phosphate (Appr>p), an Appr-1"-p-processing activity, and a cytochrome c 
methyltransferase. 

A major task in the analysis of any biochem- 
ical activity is the purification and identifica- 
tion of the polypeptide or polypeptides re- 
sponsible for that activity. Purification is of- 
ten difficult, time consuming, and expensive, 
yet it is often a necessary prerequisite for 
cloning of the gene and subsequent detailed 
biochemical and genetic study. An alternative 
to purification is expression cloning: the in- 
troduction of cDNA pools into various host 
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cells, followed by screening for activity and 
identifying the responsible cDNA (1). This 
method is inherently limited to those proteins 
that are easily detectable in the background of 
host cell proteins. Yet, given the accumula- 
tion of complete genome sequences, such as 
that of the yeast Saccharomyces cerevisiae, 
the sequences of genes encoding every bio- 
chemical activity of these organisms are al- 
ready available. The challenge is how to use 
this information to connect biochemical ac- 
tivity with a specific gene. 

We developed a rapid and sensitive 
genomic method for identifying yeast genes 
encoding biochemical activities, which is ap- 
plicable for almost any detectable activity. 
We first constructed an array of 6144 strains, 
each of which bears a plasmid expressing a 

strain and ORF responsible for the activity. 
Assay of the GST-ORF pools demonstrates 
that each of two previously known tRNA 
splicing activities is detected only in the 
pools that contain their respective GST fu- 
sions: tRNA ligase (4) in pool 35 (Fig. 1A) 
and 2'-phosphotransferase (5 )  in pool 46 
(Fig. 1B). 

The GST-ORFs were used to identify 
three previously unknown genes by biochem- 
ical assay of their products. A highly specific 
cyclic phosphodiesterase (CPDase) (6) that 
could convert Appr>p, produced during 
tRNA splicing ( 7 ) ,  to Appr-1"-p was local- 
ized to pool 4 (Fig. 2A), and an otherwise 
uncharacterized Appr-1"-p-processing activ- 
ity was found in pool 6 (Fig. 2B). We further 
explored the usefulness of the pools by 
searching for a protein-modifying enzyme. 
Yeast cytochrome c is known to have a tri- 
methyllysine (8), and pool 23 has a methyl- 
transferase that is active with horse cyto- 
chrome c, but not with bovine selum albumin 
(Fig. 2C). 

To determine the strain responsible for 
each activity, we prepared and assayed the 
GST-ORFs from each of the 8 rows and 12 
columns of strains from the corresponding 
microtiter plates. In this way, CPDase activ- 
ity was associated with strain MRM 3 19 (ex- 
pressing YGR247w) in row C and column 7 
(position C7) of plate 4 (Fig. 3A), Appr-1"-p 
processing was associated with MRM 546 
(expressing YBR022w) at position F6 of pool 
6, and cytochrome c methyltransferase activ- 
ity was associated with MRM 2122 (express- 
ing YHR109w) at position A10 of plate 23. 
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Fig. 1. Genomic assay of GST-ORF pools. (A) Transfer RNA ligase activity. [a-32P]adenosine 
triphosphate (ATP)-labeled precursor ~ R N A ~ ~ ~  transcript was incubated in 10-p1 mixtures contain- 
ing endonuclease (lo), ATP, and 2 pI of each GST-ORF pool, and products were resolved by PAGE 
(4). Lane a, precursor-tRNA (pre-tRNA); lane b, treated with endonuclease; Lane c, treated with 
endonuclease and tRNA ligase. (B) 2'-phosphotransferase activity. [5'-32P]-ApAppA was incubated 
in 10-p1 mixtures containing nicotinamide adenine dinucleotide and 0.1 p,l of GST-ORF pools, and 
products were resolved on polyethyleneimine-cellulose thin-layer plates (1 1). Asterisk indicates 
position of Label. Lane a, substrate; lane b, with Tpt l  protein. 

Fig. 2 Cenornic assays 
of previously unas- 

)*pep signed activities. (A) 
>'or-1 "D Appr>p cyclic phos- 

phodiesterase. Reac- 
tion mixtures (10 
bl) contained buffer, 
Ap*pr>p, and 2 bl of 
each CST-ORF pool, 
and products were 
resolved on thin-laver 

I .. ... .. ......r...-...--...-------------........,,,.,,,,..,...~~~m~~.- Apgpr-l Mp plates (6). Lane a, 

ab1+6 64 substrate; Lane b, 
with cvclic ~hosoho- 

c. C diesteGse. (0) dppr- 
QI 20000 1"-p processing. Ap*pr>p (lane a) was treated with 
I- cyclic phosphodiesterase (6) to generate Ap*pr-1"-p 

$ 5 (lane b) in 8 - ~ l  reaction mixtures, followed by the 
Q ,  
0- 

addition of 2 PI of each CST-ORF pool, further incu- 
>. 1OOOO bation, and resolution of products on thin-layer plates. 
5 $ (C) Cytochrorne c rnethyltransferase. Reaction rnix- 

F - g tures (100 bl) containing 0.1 M Hepes (pH 7.9). 2 mM 
I 

m 
EDTA, 4 rnM MgCL,, 1 rnM DTT, 1 kCi of [3H-rnethyl] - o Adomet, 0.28 rng of horse cytochrorne c, and 2 of 

o 20 40 60 each CST-ORF were incubated for 1 hour, precipitated 
P d  with trichloroacetic acid, and counted to  measure 

incorporation (72). cprn, counts per minute. 

In al l  three cases, we separately confirmed 
that the GST-ORF preparation from the indi- 
vidual strain had the expected activity (Fig. 
3A) and that the plasmid D N A  contained the 
expected ORF. N o  homologs o f  these ORFs 
were detected by  routine BLAST searches. 

Although these GST-ORFs copurify with 
the corresponding activities, they may instead 
interact with or be a subunit o f  their respec- 
tive enzyme. For example, conventional pu- 
rification o f  CPDase from crude extracts o f  
wild-type cells confirms that ORF YGR247w 
copurifies with activity (9). SDS-polyacryl- 
amide gel electrophoresis (PAGE) analysis o f  
fractions from the final column indicated that 
the upper band o f  the 25-kD doublet copuri- 
fied with CPDase activity (Fig. 3B, arrow), 
and mass spectrometry indicated that this 
band is YGR247w. However, we infer that 
YGR247w requires some other l imiting fac- 
tor for CPDase activity because overexpres- 
sion o f  the ORF (or the GST-ORF) in yeast or 
the His6 ORF in Escherichia coli does not 
result in increased activity in extracts. It is 
also conceivable that any o f  these three en- 
zymes might use other substrates in vivo; 
more biochemical and in vivo analyses are 
required to fully assess their cellular roles. 

In principle, this biochemical genomics 
approach can be used to identify the gene 
associated with any biochemical activity, 
provided that the GST-ORF is functional, is 
solubilized during extraction, and retains oth- 
er required components when purified. A 
large number o f  %-terminal fusions are func- 
tional (for example, in two-hybrid screens), and 
simple modifications o f  our procedure could be 
used for the study o f  membrane proteins, pro- 
tein complexes, and proteins that might be toxic 
when overproduced. 

This biochemical genomics strategy has 
distinct advantages over conventional purifi- 
cation or expression cloning. First, it is rapid. 
The identification o f  an ORF-associated ac- 
tivity presently takes -2 weeks, starting with 
the 64 purified GST-ORF pools, and with 
appropriate pooling strategies, identification 
could take 1 day. In contrast, months or years 
are required for purification or expression 

Fig. 3. Association of 
YGR247w with CPDase A !mB!!-- ..-.--@ - - &  B 2 0 0  

activity. (A) Decon- 97.4 
volution of CPDase Ap*pr>p - @ l s t  66.2 - 

45.0 - --- from pool 4 implicates 
y ~ ~ 2 . 4 7 ~ .  GST-ORFS ~ ~ * ~ ~ l  np - 
prepared from rows 1 4 6 

I 
and columns of strains 
on microtiter plate 4 
and from MRM 319 origin- 14.4 
(position C7) were as- O a b c d e f  g h  c7 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
sayed for CPDase. (B) Rows Columns a b c d e f  g h  
CPDase is associated 15 2 1 2 1 5  8 2 1 x1O"unitsCPDase 
with YCR247w during 
conventional purification. Portions from the penultimate hydroxyapatite peak (lane a) and fractions 11 through 17 from the final Orange A Sepharose column 
(lanes b through h), containing the indicated number of units of activity, were resolved by SDS-PACE and stained with silver. Arrow indicates the 25-kD band 
judged to  copurify with activity. 
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cloning. Second, it is sensitive. Activities can 
be detected in the purified GST-ORF pools 
that simply cannot be detected in extracts or 
cells, the starting point of both conventional 
purification and expression cloning. Because 
the GST-ORFs are individually expressed at 
high levels and are largely free of extract 
proteins after purification, activities can be 
measured for hours without competing activ­
ities that destroy the substrate, the product, or 
the enzymes. 

In addition to the conventional use demon­
strated here, this array could be used in two 
other ways: (i) to determine the range of poten­
tial substrate proteins for any protein-modifying 
enzyme (such as a protein kinase) before genet­
ic or biochemical tests to establish authentic 
substrates and (ii) to identify genes encoding 
proteins that bind any particular macromole-
cule, ligand, or drug. Thus, one could rapidly 
ascribe function to many presently unclassified 
yeast proteins, complementing other genomic 
approaches to deduce gene function from ex­
pression patterns, mutant phenotypes, localiza­
tion of gene products, and identification of in­
teracting partners. 
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Mother-pup contact in the rat occurs primar­
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when the mother approaches the litter, gathers 
the pups under her, licks/grooms her pups, and 
nurses her offspring while continuing to occa­
sionally lick/groom the pups, and terminates 
when the mother leaves the nest (5). Naturally 
occurring variations in maternal licking/groom­
ing and arched-back nursing (LG-ABN) have 
been associated with the development of indi­
vidual differences in hypothalamic-pituitary-
adrenal (HPA) and behavioral responses to 
stress in the offspring {3, 4). As adults, the 
offspring of high LG-ABN mothers are behav-
iorally less fearful and show more modest HPA 
responses to stress than do the offspring of low 
LG-ABN mothers. The variation in maternal 
behavior may thus constitute a mechanism for 
the nongenomic behavioral transmission of 
fearfulness from parent to offspring. Alterna­
tively, of course, the differences in fearfulness 
and those in maternal behavior may both be 
associated with a common genotype so that the 
observed continuity of individual differences 
from mother to offspring is mediated by a 
genomically based pattern of inheritance. 

We found that the female offspring of high 
LG-ABN mothers showed significantly in­
creased licking/grooming of pups in compari­
son with those of low LG-ABN mothers 
(12.9 ± 1.0 versus 6.9 ± 1.1; P < 0.001) (6\ 

Nongenomic Transmission Across 
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and Stress Responses in the Rat 
Darlene Francis, Josie Diorio, Dong Liu, Michael J. Meaney* 

In the rat, variations in maternal care appear to influence the development of 
behavioral and endocrine responses to stress in the offspring. The results of 
cross-fostering studies reported here provide evidence for (i) a causal rela­
tionship between maternal behavior and stress reactivity in the offspring and 
(ii) the transmission of such individual differences in maternal behavior from 
one generation of females to the next. Moreover, an environmental manipu­
lation imposed during early development that alters maternal behavior can then 
affect the pattern of transmission in subsequent generations. Taken together, 
these findings indicate that variations in maternal care can serve as the basis 
for a nongenomic behavioral transmission of individual differences in stress 
reactivity across generations. 
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