
'/u;-'"' REPORTS 

G. Fermi, M. F. Perutz, B. Shaanan, R. Fourme, ibid. 
175, 159(1984). 

3. J. L Monod, J. Wyman, J. P. Changeux, ibid. 12, 88 
(1965). 

4. M. F. Perutz, Annu. Rev. Biochem. 48, 327 (1979); 
Annu. Rev. Physiol. 52, 1 (1990). 

5. J. J. Hopfield, R. G. Schulman, S. J. Ogawa, J. Mol. 
Biol. 61,425(1971). 

6. C. Sawicki and Q. H. Gibson, J. Biol. Chem. 251, 
1533 (1976); ibid 254, 4058 (1979). 

7. G. J. Turner et al., Proteins Struct. Fund Genet. 14, 
333 (1992); G. K. Ackers, M. L. Doyle, D. Myers, M. 
A. Daugherty, Science 255, 54 (1992); G. K. Ackers 
and J. H. Hazzard, Trends Biochem. Sci. 18, 385 
(1993). 

8. J. L. Martin et al., Proc. Natl. Acad. Sci. U.S.A. 80, 
173(1983). 

9. P. A. Anfinrud, C. Han, R. M. Hochstrasser, ibid. 86, 
8387(1989). 

10. J. Hofrichter, J. H. Sommer, E. R. Henry, W. A. 
Eaton, ibid. 80, 2235 (1983). 

11. K. R. Rodgers, C. Su, S. Subramaniam, T. G. Spiro, 
J. Am. Chem. Soc. 114, 3697 (1992). 

12. R. P. Rava and T. G. Spiro, J. Phys. Chem. 89,1856 
(1985). 

13. I. Harada and H. Takeuchi, in Advances in Infrared 
and Raman Spectroscopy, R. J. Clark and R. E. 

Hester, Eds. (Wiley, New York, 1986), vol. 13, chap. 
3. 

14. M. Ikeda-Saito, H. Yammamoto, T. Yonetani, J. Biol. 
Chem. 252, 8639(1977). 

15. W. R. Scheidt, J. Am. Chem. Soc. 96, 90 (1974); P. 
N. Dwyer, P. Madura, W. R. Scheidt, ibid., p. 4815; 
R. G. Little and J. A. Ibers, ibid., p. 4452. 

16. B. Luisi and N. Shibayama, J. Mol. Biol. 206, 723 
(1989). 

17. T.\N.ScoUetal.,FEBSLett 158,68(1983). 
18. J. M. Friedman, D. L Rouseau, M. R. Ondrias, Annu. 

Rev. Phys. Chem. 96, 471 (1982). 
19. J. M. Friedman, T. W. Scott, R. A. Stepnoski, M. 

Ikeda-Saito, T. Yonetani, J. Biol. Chem. 258, 10564 
(1983). 

20. T. Miura, H. Takeuchi, I. Harada, J. Raman Spec-
trosc. 20,667(1989). 

21. B. R. Gellin and M. Karplus, J. Mol. Biol. 171, 489 
(1983). 

22. S. Dasgupta and T. G. Spiro, Biochemistry 25, 5941 
(1986). 

23. We are grateful to J. Kincaid for the generous gift of 
Co.Fe hybrid Hb (NIH grant DK 35153). Supported 
byNIHgrantGM25158. 

29 March 1994; accepted 26 July 1994 

iaglu, a Gene from Zea mays Involved 
in Conjugation of Growth Hormone 

lndole-3-Acetic Acid 
Jedrzej B. Szerszen, Krzysztof Szczyglowski, 

Robert S. Bandurski* 

Plants contain most of the growth hormone indole-3-acetic acid (IAA) in conjugated forms 
believed to be inactive in promoting growth. The iaglu gene, which controls the first step 
in the biosynthesis of the IAA conjugates of Zea mays, encodes (uridine 5'-diphosphate-
glucose:indol-3-ylacetyl)-p-D-glucosyl transferase. Protein synthesized by Escherichia 
co//that contained cloned 1 -O-p-D-indol-3-ylacetyl-glucose complementary DNA (cDNA) 
was catalytically active. The predicted amino acid sequence of the cDNA was confirmed 
by amino-terminal sequencing of the purified enzyme. Homologous nucleotide sequences 
were found in all plants tested. The blockage or enhancement of iaglu expression may 
permit regulation of plant growth. 

An plants examined thus far contain most 
of the growth hormone IAA in a conjugat
ed, presumably inactive, form (1-3). Plants 
exhibit a growth response to applied free 
(unconjugated) IAA, and there is evidence 
that growth rate is a function of endogenous 
free IAA concentrations (4). These results 
indicate that growth is limited and con
trolled by the amount of free IAA. In con
trast, the conjugates appear to serve func
tions other than growth promotion, such as 
IAA transport (5), protection of IAA 
against peroxidative attack (6), storage of 
IAA in seeds ( ] , 7), and hormonal ho
meostasis (4). Both ester- and amide-linked 
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IAA conjugates have been chemically char
acterized (I, 7). Because of the rapidity of 
conjugate synthesis and hydrolysis in vivo, 
the function of IAA conjugates has been 
difficult to study (2). The ability to aug
ment or impair IAA conjugation may lead 
to a better understanding of the physiology 
of hormone conjugation and to methods for 
control of plant growth. Therefore, we 

Fig. 1. Metabolic reactions that affect the 
concentration of IAA in Z mays, (a) Revers
ible synthesis of 1-O-IAGIu from IAA and 
UDPG (9, 23); (b) enzymatic hydrolysis of 
1-O-IAGIu {9, 23); (c) enzymatic hydrolysis 
of 4-0-, and 6-O-IAGIu produced by 
isomerization of 1-O-IAGIu {23, 24); (d) 
transacylation of IAA from 1 -O-IAGIu to form 
the transport ester, lAlnos, and results in 
shifting the equilibrium toward esterified IAA 
(7, 8, 11); and (e) IAA may also be conjugat
ed to amino acids (1, 7). 

cloned the iaglu gene, which encodes the 
first step in the IAA conjugation pathway. 

In corn (Z. mays), the pathway to the 
conjugates begins with the synthesis of l-O-
P-D-indol-3-ylacetyl-glucose (IAGlu) from 
uridine 5'-diphosphate-glucose (UDPG) 
and IAA, catalyzed by the enzyme IAGlu 
synthetase (UDPG:indol-3-ylacetyl)-P-D-
glucosyl transferase (Fig. 1) (8-10). 

IAA + UDPG ^± IAGlu + UDP 

IAGlu is an acyl alkyl acetal, and its energet
ically unfavorable synthesis is followed by an 
energetically favorable transacylation of IAA 
from IAGlu to myo-inositol (Fig. 1) (11). 

We used polyclonal antibody (10) pu
rified by affinity chromatography to 
screen a cDNA expression library made 
from polyadenylated RNA extracted from 
W64A + inbred corn endosperm tissue 
collected 18 days after pollination. The 
library was constructed in a lambda ZAP 
II vector (Stratagene) (12). After ampli
fication, it contained 4.2 X 108 plaque-
forming units. Eight positive clones were 
identified from among 1.5 X 106 E. coli 
XL-1 Blue plaques containing isopropyl-
P-D-thiogalactopyranoside (IPTG)-in-
duced P-galactosidase fusion proteins 
with an immunoglobulin G secondary an
tibody conjugated to alkaline phosphatase 
(13). Positive cDNA inserts were excised 
with R408 helper phage and recircular-
ized to generate subclones in the pBlue-
script SK~~ phagemid vector (14). Both 
strands of the largest insert [clone 3, 1731 
base pairs (bp)] were sequenced (15). The 
sequenced clone carried an open reading 
frame of 1413 nucleotides that coded for 
471 amino acids (Fig. 2) (16). The open 
reading frame was rich in G and C nucle
otides (C + G = 69.7%). 

A portion of the purified enzyme was 
chromatographed on a C18 1-mrn by 250-
mm high-performance liquid chromatogra
phy (HPLC) column with 0.1% trifluoro-
acetic acid (TFA) as the solvent and a 
gradient of 90% v/v acetonitrile-water con
taining 0.85% TFA. Protein degradation 
occurs (10), but the single major peak was 
collected for amino acid sequencing of the 
NH2-terminal end. The 18-amino acid se
quence obtained was MAPXVLVVPF-

Hydrolysis U D p U D P G | 
AA-amino RRfSfffSnfl 
acid con- | 3 | J 2 H | S I U I 
jugation " 

Oxl AA 

7-OH-OxlAA 

lAlnosArab^—y —•lAlnosGal 7-OH-OxlAA-Glu 

BagSBEffl^-IAInos + Glu 

<Vrab - J L~ UDP Gal UDP Arab -
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Fig. 2. Deduced amino ~ ~ Q F A K R L A S K G V A T T L V T T R F I Q R T A D M A H P ~ M V E A I S D G H D E G G F A S A A G Y A E Y  75 

acid sequence (7 7) of the L E K Q A A A A ~ A ~ L A ~ L V E A ~ ~ ~ A D A F T C V V Y D S Y E D W V L P V A R R M G L P A ~ P F ~ T Q ~ ~ A ~ ~ A ~ Y Y H F ~ R V P P  150 

cDNA sequence of the ;a- G A M D G S D G G A G A M L S E A F L G L P E M E R S E L P S F V F D H G P Y D W V L F N S F E E L E T E V L A  225 

glu gene kom Z. mays GLTKYLmRAIGPCVPLPTAGRTAGANGRITYGANLVKPEDACTKWLDTKPDRSVAYVSFGSLAS~NAQKEELA 300 

R G L L A A G K P F L ~ V R A S D E H ~ P R Y L L A E A T A ~ ; A A M W P W ~ P Q L D ~ L A H P A ~ F ~ T H ~ G ~ N ~ T L E A L ~ F G V P M  375 

(Genome Sequence Da- VAWLWTDQPTNA~VELAWGAGVRARRDAGAGVFLRGEVERCVRADGGASAARAGEWRDRARAAVAPG 450 

taBase accession num- GssDRNLDEWQFvRAGATEK* 471 

ber L34847). Numbers at 
right indicate the amino acid position in the sequenced clone. The NH,-terminal end of the deduced protein 
begins in position 1, and the underlined amino acids indicate amino-terminal end residues identied by 
sequencing the purified IAGlu synthetase. Asterisk denotes a stop codon. 

Fig. 3. Alignment of the A 
predicted amino acid se- w,..-DA 319 ILV -~ - 

::I 

I I I  : I  I I l l l l l l : : l  : I l l  I I  : I  I I I I  : I  : I  I I  I I :  i l l  
uDpG- and bzl 103 CLAWLGRQPARGVAWSFG?IIACPRPDELRELAAGLEDSGAPFLWSLREDSWPHLPPGFLDR~GTGSGLW 

UDP-g~ucoronic-g~yco- HlugPll 352 KWLPQNDLLGHPMTRAFITHAGSHGVYESICNGV~PLFGoQMDNAKRME sylating gene products. I I I  I : I  I I  I : I I  I : 1:: I I I I I  I I :  I I  1 1 :  : I  

(A) Human HlugP4 gene fag111 340 PWCPQLW~HPA~WWTHCGHNSTLEALSFGVPMVAMRL~TW~ARWELAWGAG 
I I  I l :  I I  1I:II I I I I  I I  I I I  I I  I I I I  : I I  I I I i l  I I  I  

(25) showing a 68% se- bzl 115 P W A P Q V A V L R H P S V G A F V T H A G W A S V L E G L S S G V P M A C G F G  

Fig. 4. An autoradio- 
kt, 

1 2 3 4  
graph of Southern (DNA) 23.1- 
blot hybridization of Z. 

?"l 
% 

mays and A. thaliana 9.4- 
DNA with cDNA encod- 6.6- 
ed for Z. mays iaglu 4,3- 
gene. Zea mays genom- -. 
ic DNA (10 pg) was di- 
gested with Eco RI (lane 2.3- 

I) ,  Hind I l l  (lane 2), or 2'0- 

Bam HI (lane 3). Arabidopsis thaliana genomic 
DNA (6 pg) was digested with Eco RI (lane 4). The 
filters were probed with iaglu cDNA radiolabeled 
with 32P by random priming. High-stringency con- 
ditions were used for Z. mays DNA [hybridization 
at 2x standard saline citrate (SSC) at 65°C; last 
wash at 0 . 3 ~  SSC at 65"C], and moderate-strin- 
gency conditions (hybridization at 4X SSC at 
65°C; last wash at 1 x SSC at 65OC) were used for 
the A. thaliana genomic DNA. Molecular size stan- 
dards are shown at left. 

quince similarity (44% B - 
identity) over a stretch of 329 WIPQNDLLGHPKTRAFITHGGI~~GLYEAIYHGVPHVGIPLFGDQPDNIARVK 

I  I I  I:I I I  I : I I  I  I  I I :  I I I I I  : I :  I l l  I : : : I :  
56 residues' and Z' i a g l u  330 A T A T W U L M W P W C P Q L W m H P A V G C W T H C G W N S T L E A L S E  mays bz7 gene (Bz-McC 1 1  I I I I  I : I  I I  I I I I  I I 1 1 :  I : I I : :  I :  I I I  I 

allele) (26) showing 59% ' lug23 "6 ATLGPITRVYKWLPQNDILGHPKmWTHGGANGLYmIYHGIPMIGIPLFGDQPDN 

similarity (49% identity) over 131 residues. (6) An Oryctolagus cuniculus UGT2B73 gene (27) showing 
48% similarity (59% identity) over 52 residues, and a Rattus norvegicus dug23 gene (28) showing 55% 
similarity (44% identity) over 58 residues. Bars indicate identical amino acids, dots indicate similar 
residues (29), and numbers at left show residue number. 

PGQGXMNP (17), which corresponds ex- 
actly with the amino acid sequence of the 
NH,-terminal end deduced from the nucle- 
otide sequence of the isolated clone (Fig. 
2). The two unknowns (X) in the 18-resi- 
due chain were shown to be histidines by 
the nucleotide sequence analysis. The cal- 
culated molecular size of the predicted pro- 
tein was 49.71 kD and the estimated iso- 
electric point was 5.69, in agreement with 
determined values (10, 18). 

A computer search of DNA and protein 
sequence databases (19) revealed high ho- 
mology of amino acids 268 to 393 of the 
iaglu gene with conserved domains of other 
UDPG- and UDP-glucuronic-glycosylating 
proteins (Fig. 3). Because all these proteins 
transfer either glucose or glucuronic acid to 
their specific acceptors, the conserved amino 
acids probably represent those necessary to 
bind UDP. A potential N-glycosylation site 
N-X-(S or T)  (residue 363, Fig. 2) and three 
potential protein kinase C phosphorylation 
sites (S or T)-X-(R or K) have been identified 
(residues 37, 453, and 469) (Fig. 2). 

The catalytic activity of protein syn- 
thesized by E. coli cells that contained the 
cDNA insert from clone 3 cloned into the 
Eco RI site of pBluescript SK- (20) was 
examined. Bacteria containing pBlue- 
script SK- without an insert or bacteria 
containing a shorter, antibody-positive 
cDNA (clone 2, 1050 bp) were used as 
controls. Both controls did not result in 
the synthesis of labeled IAGlu. Clone 3 
synthesized 13C6-labeled IAGlu, which 
yielded (M)+ = 343.143 and (M + Na)+ 

= 366.126 when incubated with 13C6- 
labeled IAA and UDPG, as determined 
by fast atom bombardment mass spec- 
trometry. These masses confirm the ele- 
mental composition as 13C6CloH1907N 
and 13C6CloHl,07NNa, as expected for 
heavy-atom labeled IAGlu. Authentic, 
unlabeled IAGlu (21) yielded (M)+ of 
337.118 and (M + Na)+ of 360.113, 
which corresponded to C16H1907N and 
C16H1907NNa, respectively. 

Organization of the iaglu gene in the 2. 
mays genome was studied with a radiola- 
beled iaglu cDNA sequence used as a probe 
(Fig. 4). At high-stringency conditions, a 
single Eco RI or Hind 111 fragment and two 
Bam HI fragments hybridized, which indi- 
cates that IAGlu synthetase is probably en- 
coded by a single-copy or low-copy number 
gene in the 2. mays genome. In addition, 
genomic DNA from different plant species 
including Arabidopsis thaliana, tobacco, sug- 
ar beet (Beta vulgaris), tomato (Lycopersicon 
esculentum), soybean, cauliflower (Brassica 
oleracea variant botrytis), and duckweed 
(Lemna gibba) were analyzed (Fig. 4) (22). 
In all cases, at moderate stringency, multi- 
ple hybridizing bands (one major and sev- 
eral minor) were observed. This may reflect 
hybridization of the 2. mays iaglu cDNA 
probe to the equivalent iaglu genes of these 
plants, as well as to other genes encoding 
UDP-binding proteins. In A. thaliana, three 
hybridizing bands were observed with mod- 
erately stringent conditions. However, un- 
der high-stringency conditions, only a sin- 
gle, 3-kb hybridizing band was detected 

(22). The same single band was detected 
under moderately stringent conditions 
when the 5'-region of the iaglu cDNA 
(nucleotides 1 through 598, lacking the 
putative UDPG-binding site) was used as a 
probe, suggesting that this band contains 
the A. thaliana iaglu equivalent gene. 

A small number of reactions amear to . . 
control the amount of growth hormone 1.4.4 
in a plant. Thus, it may be feasible to genet- 
ically manipulate IAA concentrations and 
selectively control ~ l a n t  growth without the 
application of growth-regulating chemicals. 
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An Interleukin-4-Induced Transcription Factor: 
IL-4 Stat 

Jinzhao Hou, Ulrike Schindler, William J. Henzel, Tze Chun Ho, 
.Mike Brasseur, Steven L. McKnight* 

Interleukin-4 (IL-4) is an immunomodulatory cytokine secreted by activated T lympho- 
cytes, basophils, and mast cells. It plays an important role in modulating the balance of 
T helper (Th) cell subsets, favoring expansion of the Th2 lineage relative to Thl . Imbalance 
of these T lymphocyte subsets has been implicated in immunological diseases including 
allergy, inflammation, and autoimmune disease. IL-4 may mediate its biological effects, 
at least in part, by activating a tyrosine-phosphorylated DNA binding protein. This protein 
has now been purified and its encoding gene cloned. Examination of the primary amino 
acid sequence of this protein indicates that it is a member of the signal transducers and 
activators of transcription (Stat) family of DNA binding proteins, hereby designated IL-4 
Stat. Study of the inhibitory activities of phosphotyrosine-containing peptides derived 
from the intracellular domain of the IL-4 receptor provided evidence for direct coupling 
of receptor and transcription factor during the IL-4 Stat activation cycle. Such observa- 
tions indicate that IL-4 Stat has the same functional domain for both receptor coupling 
and dimerization. 

Studies of the mammalian immune svstem 
have led to the discovery of small, sedreted 
proteins that provide circuitry to both ded- 
icated and'peripheral components of the 
system ( I ) .  These proteins, broadly termed 
cytokines, act to modify the growth and 
differentiated function of cells harboring 
cognate receptors. Cytokines are typically 
expressed under tight regulation with re- 
spect to cell type and physiologic state. The 
biological effects of a given cytokine are, in 
turn, limited to target cells bearing the cor- 
responding receptor. 

Biochemical and somatic cell genetic - 
studies have begun to resolve the mecha- 
nisms by which cytokines selectively modify 
receptor-bearing target cells. Studies of in- 
terferon a (IFN-a) and interferon y (IFN- 
y) have revealed essential components of 

the cytokine signaling pathway. Cells treat- 
ed with IFN-y rapidly activate an otherwise 
latent DNA binding protein (2). Concom- 
itant with activation, the DNA binding 
protein, variously termed p91 or Statl,  be- 
comes tyrosine-phosphorylated by way of a 
receptor-associated tyrosine kinase. Mutant 
cells lacking either Jakl or Jak2 tyrosine 
kinase fail to respond to IFN-y signaling. 
Shortly after phosphorylation of a single 
and specific tyrosine residue (Y701), p91 
translocates from cytoplasm to nucleus 
where it activates an array of genes contain- 
ing its specific binding site. The p91 protein 
has emerged as the founding member of a 
family of cytokine-activated transcription 
factors. Likewise, resolution of the role of 
Jak kinases in interferon signaling has un- 
covered a bioloeical function for this class 
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of tyrosine kinases. These observations uro- 
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bearing its cognate receptor. When exposed 
to IL-4, B lymphocytes activate the synthe- 
sis of sterile transcripts of the immunoglob- 
ulin locus and subsequently undergo class 
switching to the irnrnunoglobulin E heavy 
chain isotype (3). IL-4 also activates genes 
encoding cell surface proteins including 
various immunoglobulin receptors and the 
MHC (major histocompatibility complex) 
class I1 antigen (4). IL-4 modulates the 
activity of DNA binding proteins in B lym- 
uhocvtes (5). Three studies have indicated . . 
;hat IL-4 may regulate gene expression in a 
manner analogous to IFN-y. A latent DNA 
binding protein is rapidly phosphorylated 
on tyrosine and translocated to the nucleus 
in receptor-bearing cells treated with IL-4 
(6). In order to study the molecular mech- 
anisms governing this process we have pu- 
rified the IL-4-induced DNA binding pro- 
tein and cloned its encoding gene. - "  

Human monocytic Thp-l cells were 
grown in suspension, treated briefly with 
IL-4, harvested, disrupted, and fractionated 
to separate nuclear and cytoplasmic pro- 
teins (7). Nuclear extracts from IL-&treat- 
ed cells, but not control cells, contained a 
DNA binding activity capable of specific 
interaction with a double-stranded, syn- 
thetic oligonucleotide corresponding to the 
IL-4 response element located upstream of 
the human FcyRI gene (6). This activity 
was purified by three chromatographic steps 
(8) and found to be specified by a polypep- 
tide that migrated with a molecular size of 
100 kD as indicated by SDS-polyacryla- 
mide gel electrophoresis (Fig. 1). The 100- 
kD polypeptide reacted with an antibody 
that recognized phosphotyrosine, consistent 
with studies that implicated tyrosine phos- 
phorylation as an essential step required for 
its activation (6). 

The purified, 100-kD polypeptide was di- 
gested with lysine-C and resulting peptides 
were fractionated by capillary high-perfor- 
mance liquid chromatography. Arnino acid 
sequences were obtained from six peptide 
fragments (9). Synthetic oligonucleotides de- 
signed from these sequences were used for 
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