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Developing a p  T cells diverge into the CD4 and CD8 lineages as they mature 
in  the thymus. I t  is unclear whether lineage commitment is mechanistically 
distinct from the process that selects for the survival of T cells wi th  useful T 
cell receptor (TCR) specificities (positive selection). In HD mice, which lack 
mature CD4+ T cells, major histocompatibility complex (MHC) class Il-restrict- 
ed T cells are redirected t o  the CD8 lineage independent of MHC class I 
expression. However, neither TCR-mediated signaling nor positive selection is 
impaired. Thus, the HD mutation provides genetic evidence that lineage com- 
mitment may be mechanistically distinct from positive selection. 

Developing a p  thymocytes go through three 
major phenotypic stages, first expressing nei- 
ther CD4 nor CD8 (double negative; DN), then 
expressing both (double positive; DP), and fi- 
nally expressing only one or the other 
( C D 4 + 8  or CD4-8+) (SP). At the DP stage 
thymocytes are selected to undergo the alterna- 
tive outcomes of negative selection, positive 
selection, or death by neglect depending on the 
interaction of the aPTCR complex with intra- 
thymic major histocompatibility complex li- 
gands (I, 2). Coincident with positive selection, 
thymocytes undergo lineage commitment, a 
process that ensures the correlation of TCR 
specificity toward class I or I1 MHC with the 
cell's hnctional phenotype as a CD8+ killer or 
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a CD4+ helper T cell. Various mechanisms 
have been proposed to explain how this corre- 
lation is achieved (3-6). At the molecular level 
CD4 and CD8 coreceptors (7, 8)  as well as the 
Ras-MAPK (9) and Notch (10) pathways are 
likely to play a role. The mutant HD mouse (11) 
is deficient in generation of peripheral CD4+ T 
cells because of a specific defect in thymic 
development not affecting antigen presentation 
or CD4 function, distinct from other spontane- 
ous and induced mouse mutants with similar 
phenotypes (12). Although the HD defect was 
shown to be intrinsic to the hematopoietic lin- 
eage (II), it is unclear whether it maps to 
thymocytes or to bone marrow-derived non- 
thymocytes, which could cause aberrant nega- 
tive selection of class 11-restricted thymocytes. 

To test this, we cotransferred bone marrow 
from HD-lC and HD'" mice into the same 
R A G C 1  recipients (13). If another cell type 
were acting in trans to prevent thymocytes from 
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maturing to the CD4 lineage, then in a mixed 
chimera thymocytes of both HD-'- and 
HD+'+ origins should behave similarly. On the 
other hand, if the defect were intrinsic to devel- 
oping thymocytes, HD-I- and HD+'+ thymo- 
cytes should behave distinctly. To distinguish 
between thymocytes of HD-'- and HD+'+ 
origin, we obtained HD+'+ bone marrow from 
B6.SJL congenic mice that cany the CD45.1 
allele on an otherwise C57BW6 background, in 
contrast to HD-'- mice that cany the CD45.2 
allele. Thymocytes of different origins behaved 
autonomously-that is, HD-'- (CD45.2+) 
cells matured exclusively to the CD8 lineage, 
whereas HD+'+ (CD45.P) cells gave rise to 

THYMUS 

CD4+ and CD8+ SP T cells in normal propor- 
tions (Fig. 1). In addition, thymocytes of 
HD-'- origin give rise to a population of 
CD4+8I0 cells, an intermediate stage that in 
normal mice includes precursors of both SP 
CD4+ and CD8+ mature T cell subsets (5, 14) 
and that is increased in HD-I- mice (11). In 
agreement with the thymic subset composition, 
peripheral T cell populations of HD+'+ and 
HD-'- origin consist, respectively, of both SP 
CD4+ and CD8+ cells or only SP CD8+ cells. 
In addition, HD-'- peripheral T cells include a 
minor population of CD4+8+ cells, which is a 
typical feature of HD-l- mice (11). Thus, ab- 
normal development of HD-'- thymocytes is 

LN cells 

Total Total 

SP CD4+ THYMOCYTES SP CD8+ THYMOCYTES 

Fig. 1. Coreconstitution of RAGp1- hosts with HD-'- and HD+'+ bone marrow. (Upper) Thymo- 
cytes and Lymph node (LN) cells from an irradiated RAG-'- mouse reconstituted with bone marrow 
from both HD-I- (CD45.2+) and HD+'+ (CD45.1+) mice were stained with antibodies specific for 
CD4 and CD8, as well as CD45.1 or CD45.2, and CD69 or HSA. Samples were gated on the basis 
of CD45.1lCD45.2 expression, to  distinguish cells of HD-'- and HD+'+ origin, as indicated. 
CD4:CDS expression profiles are also shown for total cell samples. (Lower) HSA and CD69 staining 
profiles of gated SP CD4+ and SP CD8+ thymocytes. Mature cells bear the HSA'°CD6910 phenotype. 
Note the absence of HSA'O and cD69I0 cells in the HD-'- SP CD4+ subset. 

not mediated by another hematopoietic cell 
type but is inherent to developing thymocytes. 
It can be further deduced that the defective HD 
product is unlikely to be a soluble factor. 

Thymocyte development depends on sig- 
naling via the TCR, coreceptors, and associ- 
ated tyrosine kinases p56Ick and ZAP-70. Ini- 
tially, p56Ick phosphorylates components of 
the TCR complex, thereby leading to the 
recruitment of additional signaling factors in- 
cluding ZAP-70, which in turn is phospho- 
rylated by p56Ick. We have examined these 
early signaling events in HD-'- mice by an 
in vitro immune complex kinase assay (15, 
16). HD-'- and HD+'+ thymocytes exhibit 
equivalent phosphorylation of CD35, C D ~ E ,  
ZAP-70, p56Ick, and the exogenous substrate 
enolase, showing that p56Ick is activated nor- 
mallv and that ZAP-70 associates with the 
TCR complex and is phosphorylated normal- 
ly (Fig. 2A). In agreement, immunoblot anal- 
ysis of TCR complexes from unstimulated 
thymocytes or from TCRPlCD4 antibody 
(anti-TCRPlCD4) cross-linked HD-'- thy- 

anti-CD3 anti-TCRI: 

Fig. 2. Assays of T cell function in HD-'- mice. 
(A) In vitro kinase activity of anti-CD3t; immuno- 
precipitates from anti-TCRPlCD4 stimulated 
(lanes +) or unstimulated (lanes -) total thymo- 
cytes of HD-'- or WT mice. (B) Anti-phosphoty- 
rosine immunoblot analysis of CD35 isoforms 
from HD-I- or WT thymocytes stimulated (Lanes 
+) or unstimulated (lanes -) with anti-TCRPI 
CD4. (C) Proliferation of total splenocytes from 
HD-/-, /-A;-/-, and WT mice in response to  
anti-CD~E or anti-TCRP treatment Background 
proliferation in response to  phosphate-buffered 
saline alone has been subtracted. 
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mocytes show normal constitutive phospho- 
rylation of CD35 (p21 isoform) and the nor- 
mal appearance of higher molecular weight 
phosphorylated isoforms of CD35 and ZAP- 
70 after cross-linking (Fig. 2B) (I  7). To mea- 
sure the function of TCR-mediated signaling 
in mature T cells, we assayed the proliferative 
response of HD-'- splenocytes to cross-link- 
ing with plate-bound anti-CD3e or anti-TCRP 
(18). The response of HD-'- splenocytes, al- 
though less than that of wild-type (WT) ani- 
mals, is equivalent to that of I-A;-'- mice, 
which similarly lack peripheral CD4+ T cells 
(Fig. 2C). Consistent with normal TCR expres- 
sion and signaling in HD-'- mice, breeding 
experiments showed that the HD defect is un- 
linked to genes encoding proximal components 
of the TCR-mediated signaling cascade-that is 
CD36, TCRaP, and p561ck-and DNA se- 
quencing showed that the ZAP-70 mRNA from 
HD-'- mice is normal (19). 

The absence of mature SP CD4+ T cells in 

HD-'- mice indicates that class 11-restricted 
thymocytes undergo an abnormal developmen- 
tal fate-that is, either their development is 
blocked or they undergo alternative develop- 
ment, specifically, to the CD8 lineage. The 
latter possibility is suggested by the increased 
representation of SP CD8+ thymocytes in 
HD-'- relative to WT mice (11). To evaluate 
these two possibilities, we crossed the AND 
TCR transgene onto the HD-'- background, 
thereby limiting the repertoire of developing 
thymocytes to a single class 11-restricted spec- 
ificity (20, 21). HD-'- mice bear the H-2b 
haplotype and express the I-Ab product, which 
mediates efficient positive selection of AND+ 
thymocytes (22). To exclude the possibility of 
rearrangement and expression of endogenous 
TCR products, we did these experiments on a 
RAG-'- background. A comparison of periph- 
eral T cells from AND+ HD-/- RAG-'- H-2b 
mice with AND+ HD+'- RAG-'- H-2b litter- 
mates revealed different subset distributions 

CD69+ CD62L+ HSA' Total thymocytes thymocytes thymocytes Total LN cells 

~dtal thvmocvtes I 

CD69+ CD62L+ HSA' Total thyrnocytes thymocytes thymocytes Total LN cells 

CDB 'r 
Total thymocytes 1- I 

(Fig. 3). Although, AND+ HD+'- mice show 
the expected predominance of SP CD4+ T 
cells, AND+ HD-'- mice give rise exclusively 
to SP CD8+ T cells. Analysis of thymocytes 
from AND+ HD-'- RAG-'- mice directly 
shows the occurrence of redirection of class 
11-restricted AND+ thymocytes to the CD8 lin- 
eage. Thus, AND+ HD-'- mice contain 10 
times more SP CD8+ thymocytes than their 
AND+ HD+'- littermates. As usual, in HD-'- 
mice, a substantial population of CD4+8I0 in- 
termediate cells is also observed (Fig. 3). In 
normal mice, thymocytes that are undergoing 
positive selection show high surface expression 
of the activation marker CD69 (23), whereas 
the most mature SP thymocytes that are ready 
to exit to the periphery exhibit low levels of 
CD69 and heat stable antigen (HSA) but high 
levels of CD62L (24). To compare thymocyte 
maturation routes in AND+ HD+'- versus 
HD-'- mice, we determined the CD41CD8 
expression profiles of cells contained within the 
CD69hi and CD62Lhi HSA'O populations. In 
AND+ HD+'- mice both ~ ~ 6 9 ~ '  and CD62Lhi 
HSA1° populations consist primarily of 
CD4+8- thymocytes (Fig. 3). In contrast, in 
AND+ HD-'- mice, the CD69hi population 

THYMUS (total) 

H&- HD+ 82m-1- HVI- 62mC 

Fig. 3. T cell development in HD-'- and HD+'- mice carrying the class Il-restricted AND TCR 
transgene. Thymocytes and lymph node (LN) cells from AND+ HD-I- RAG-/- and AND+ HD+'- 
RAG-/- mice were stained with antibodies specific for CD4. CD8. CD69. HSA, and CD62L and 
analyzed by flow cytometry. Histograms represent total cell samples or specific gated subsets, as 
indicated. CD69+ thymocytes are thought to be undergoing positive selection, and CD62Lhi HSA1° 
thymocytes are considered fully mature. Note the absence of fully mature SP CD4+ and SP CD8+ 
subsets in AND+ HD-I- RAG-'- and AND+ HD+'- RAG-/- mice, respectively. 

LN cells (total) 

HDJ- HD+ ~2m-1- HDJ- 62m4 

Fig. 4. T cell development in HD-'- mice in the 
absence of MHC class I expression. Thymocytes 
and lymph node (LN) cells from HD-l- Pfl+ 
/-A;+. HD+ P2MP'-, HD-'- Pfl;'-, HD+ 
I-A6-l- and HD-I- /-Ab-'- mlce were B sta~ned with antibodies spgcific for CD4 and 
CD8 and analyzed by flow cytometry. Note 
the presence of substantial numbers of SP 
CD8+ thymocytes and mature T cells in 
HD-'- P2M-'- mice. 
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consists almost entirely of CD4+8I0 cells, 
whereas the CD62Lhi HSA'" population is 
composed predominantly of CD4-8+ cells. 
Thus class 11-restricted CD4-8+ cells in 
AND+ HD-'- mice are mature and probably 
pass through the intermediate CD4+8I0 stage, 
consistent with the proposed maturation route 
of class I-restricted CD4-8+ thymocytes in 
normal mice (5, 14). 

Some class 11-restricted TCRs can support 
inefficient differentiation to the CD8 lineage in 
normal mice or efficient maturation in CD4-I- 
mice (6, 25). In both cases, alternative develop- 
ment requires MHC class I expression by thy- 
mic epithelial cells. To test whether there is a 
similar requirement for class I expression in the 
redirection of class 11-restricted thymocytes in 
HD-I- mice, we crossed the HD mutation onto 
a Pa- ' -  background in which class I expres- 
sion is blocked (21, 26). Doubly deficient 
HD-'- P a - / -  mice arising from this cross 
were identified phenotypically by the simulta- 
neous absence of MHC class I expression and 
peripheral CD4+ T cells. These mice still 
generate SP CD8+ thymocytes, which are 
mature based on expression of CXPTCR, 
CD69, HSA, and CD62L (Fig. 4) (27). In 
agreement, peripheral T cells consist exclu- 
sively of CD8+ cells. To confirm this result, 
we generated radiation chimeras by tmnsfer- 
ring hematopoietic cells of HD-I- origin into 
HD+/+ Pa- ' -  hosts. Because positively 
selected thymocytes upregulate class I ex- 
pression (28), HD-'- thymocytes undergo- 
ing positive selection in these chimeras can 
be readily distinguished from residual host- 
derived thymocytes on the basis of their ex- 
pression of the MHC class I product H-2Kb. 
Consistent with our previous result, HD-I- 
precursors give rise only to mature cells of 

the CD8 lineage as well as to CD4+8I0 inter- 
mediate cells (29). 

To similarly test the dependence of thy- 
mic development in HD-/- mice on MHC 
class I1 expression, we transferred HD-'- 
bone marrow into irradiated I-Abp-'- 
RAGp1- hosts. SP CD8+ thymocytes. and 
peripheral T cells are still generated in these 
chimeras, indicating that MHC class I-de- 
pendent maturation to the CD8 lineage is 
unaffected by the HD defect (Fig. 4). How- 
ever, the CD4+8I0 subset that is so abundant 
in HD-/- mice is substantially reduced, con- 
firming that most of these cells in HD-/- 
mice are class I1 restricted. 

Finally, to assess the MHC requirements for 
development of a particular class 11-restricted 
TCR in the HD-/- background, we transferred 
AND+ HD-I- RAG-/- bone marrow into both 
a<'- ,!G- 1- H-2b and I-Ab-1- P RAG-/- 
H-2 reclplents. Consistent with our preceding 
results, SP CD8+ thymocytes of the mature 
CD69'"CD62LhiHSA'" phenotype and periph- 
eral SP CD8+ T cells are still generated in the 
absence of MHC class I, as are intermediate 
CD4+8I0 thymocytes expressing the CD69hi 
CD62L1"HSAhi phenotype (Fig. 5). In con- 
trait, in the MHC class 11-deficient back- 
ground neither intermediate nor fully mature 
subsets are detected, nor are there any periph- 
eral T cells [except for a minor population of 
peripheral CD4-8- T cells, also found in 
AND+ I-Abp-'- HD+ mice and thus unrelated 
to the HD phenotype (29); similar DN cells 
arise in other TCR transgenics in the absence 
of positive selection (30)l. Thus maturation 
of AND+ CD8+ T cells in the HD-I- back- 
ground depends on expression of a selecting 
class I1 ligand and is independent of MHC 
class I. 

CD62L+HSAm 
thymocytes Total PBLs 

Redirection and complete maturation of 
class 11-restricted thymocytes to the CD8 lin- 
eage favors the instructive model and is incon- 
sistent with the stochastic/selective model of 
lineage commitment, because the latter predicts 
that thymocytes that adopt the incorrect lineage 
would be incapable of surviving the subsequent 
selection step. Of fiuther mechanistic impor- 
tance is the fact that redirection in HD-I- mice 
is independent of class I MHC. In contrast, 
when such redirection occurs in HD+ mice it is 
strictly dependent on class I MHC, suggesting 
that CD8 engagement is normally required for 
CD8 lineage commitment (6.25). The abolition 
of this requirement in HD-'- mice suggests 
that a CD8 lineage-determining pathway is con- 
stitutively activated. It has been proposed that 
lineage commitment is regulated by TCR signal 
strength, so that stronger and weaker signals 
give rise to CD4+ and CD8+ T cells, respec- 
tively (6). It seems unlikely, however, that re- 
direction of class 11-restricted thymocytes in 
HD-'- mice could be due to a weakened TCR 
signal, because all other TCR-mediated pro- 
cesses examined in HD-/- mice, in particular 
positive selection, appear to be normal. Instead 
these results argue that lineage-specifying sig- 
nals are qualitatively distinct from the TCR- 
mediated signals that support positive selection. 
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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 

Products 
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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 (I). 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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