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The plant hormone auxin regulates plant physiology by modulating the interaction of 
transcription factors with auxin response elements (AuxREs) of the affected genes. A 
transcription factor, Auxin Response Factor 1 (ARFl), that binds to the sequence 
TGTCTC in AuxREs was cloned from Arabidopsis by using a yeast one-hybrid system. 
ARFl has an amino-terminal DNA-binding domain related to the carboxyl terminus of the 
maize transactivator Viviparous-1 . Sequence requirements for ARFl binding in vitro are 
identical to those that confer auxin responsiveness in vivo. The carboxyl terminus of 
ARFl contains two motifs found in theAux/lAA class of proteins and appears to mediate 
protein-protein interactions. 

Hormones such as auxin regulate growth 
and development of plants by altering ex- 
presslon of early response genes ( 1  ). We 
investigated the transcrintion factors that 
regulate these genes. The soybean gene 
GH3 responds rapidly and specifically to 
auxin in a tissue-specific manner (2,  3). 
The GH3 promoter contains two auxin re- 
sponse elements (AuxREs), Dl and D4, 
each of which is composed of a constitutive 
element (an element that confers constitu- 
tive expression when fused to a minimal 
promotel) adjacent to or overlapping with a 
TGTCTC sequence element (3). The 
TGTCTC element confers repression and 
activation of the constitutive element when 
auxin quantities are low and high, respec- 
tively. These composite AuxREs share some 
similarity with composite glucocorti~oid re- 
sponse elements (GREs) in animal cells. 
GRE TGTTCT half-sites mav overlan with 
other DNA-binding sites in composite 
GREs (4), and TGTCTC sites may overlap 
with constitutive elements in composite 
AuxREs (3). Because the preferred DNA- 
binding site for the glucocorticoid receptor 
is a palindrome, AGAACAnnnTGTTCT, 
we conducted tests to determine whether 
palindromic repeats of TGTCTC func- 
tioned as AuxREs (Fig. 1). The P3(4x)  
construct, consisting of four tandem copies 
of inverted repeats (IRs) of the TGTCTC 
element, conferred auxin responsiveness in 
carrot protoplasts to a P-glucuronidase 
(GUS) reporter gene driven by the minimal 
(-1 to -46) promoter of the cauliflolver 
mosaic virus (CaMV) 353 gene. Mutated 
AuxREs were inactive. Because of its high 
activity, the P 3 ( 4 ~ )  construct was used as 
bait in a yeast one-hybrid system to screen 
an Arabidopsis cDNA expression library (5). 
Five cDNA clones of two size classes, 2.3 

and 2.4 kb, were isolated that encoded the 
same protein (Auxin Response Factor 1 or 
ARF1) (Fig. 2A). 

The NH1-terminal sequence of ARFl is 
similar to that in two Arabidopsis expressed 
sequence tags (GenBank accession numbers 
237232 and R30405), IAA24 (GenBank 
accession number U79556) and ARF3 (6) 
and the COOH-terminal region of the 
maize transcriptional activator Vivipa- 
rous-1 (VP1) (7) and its Arabidopsis ho- 
 nol log AB13 (8) (Fig. 2B). The COOH- 
terminal sequence of ARFl is similar to the 
COOH-terminal regions of AuxlIAA pro- 
teins, including IAA24 (Fig. 2C). The Aux/ 
IAA proteins contain four islands of amino 
acid sequence similarity (boxes I to IV, Fig. 
2A) ( 1  ). ARFl and IAA24 differ from most 
Aux/IAA proteins in being larger and con- 
taining boxes 111 and IV only. Box 111 is part 
of a motif related to the amphipathic paa -  
fold found in P-ribbon DNA-binding do- 
mains of prokaryotic Arc and MetJ repres- 
sor proteins, and Aux/IAA proteins are hy- 
pothesized to be transcription factors (9). 
Analyses with both Garnier-Osguthorpe- 
Robson and Chou-Fasman algorithms pre- 
dict that box I11 in ARFl conforms to an 
amphipathic Baa-motif. ARF3 differs from 
ARFl and IAA24 in that it lacks boxes 111 
and IV (Fig. 2A). 

The middle region of the ARFl protein 
contains a putative nuclear localization se- 
quence (NLS) and is rich in proline, serine, 
and threonine. The latter features corre- 
spond to activation or repression domains 
in other transcription factors ( 1  0). Because 
ARFl cDNA clones recovered in the yeast 
one-hybrid screen were either out-of-frame 
with or In reverse orientation to the yeast 
GAL4 activation domain and NLS, ARFl 
must contain a NLS that targets it to the 
veast nucleus where it functions as a tran- 
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a 10-7-abundance transcript in all organs 
tested and is not induced hy exogenous 
auxin ( 1 1 ). 

We used gel-shift experiments (Fig. 3A) 
to test interactions of ARFl with the 
P3 (4 x ) DNA sequence. Two complexes 
were observed that may represent different 
numbers of ARFl proteins bound to 
P3(4x) .  ARFl also bound to the natural 
DO AuxRE sequence, although with lower 
affinity. ARFl b indi~~g to composite ele- 
ments like DO may be facilitated hy a dif- 
ferent factor that hinds to the constitutive 
element (3). We tested truncated protei~ls 
lacking boxes 111 and IV to determine 
whether the paa-motif 111 ARFl func- 
tioned as a DNA-binding domain. These 
truncated proteins hound the P3 (2 X ) probe 
as efficiently as full-length ARFl protein. 
The P 3 ( 2 ~ )  probe contains two tandem 
copies of the P3 palilldrolne and forms only 
one ARFl complex. COOH-terminal trun- 
cations up to amino acid 359 bound 
P 3 ( 2 ~ ) ,  but truncations that extended into 
the VP1-like motif (amino acid 286) did 
not bind. NH1-terminal truncations at ami- 
no acid 63 or 154 failed to hind the P3(2x)  
probe (Fig. 3A). These results suggested 
that a region in ARFl that includes the 
VP1-like motif is a DNA-binding domain. 

To determine whether in vitro binding 
of ARFl to P3(4X) was consistent with in 
vivo AuxRE activity, we tested mutant 
variants of the P3 AuxRE for ARFl binding 
in gel-shift assays (Fig. 3B) and for auxin 
inducibility in carrot protoplasts (Fig. 3C). 
Nucleotide positions within the TGTCTC 
element are defined as + 1 to +6, and the 

. - 
P3: AAGGGAGACAACTTGTCTCCCA 

mP3: AAGGGAG GCAACTTGg CTCCCA 
2 0 0 0 ,  

Fig. 1. Palindromc copies of the TGTCTC func- 
tion as AuxREs. Constructs were tested in trans- 
fected carrot protoplasts wth or without auxin (3). 
min-35S, -46 CaMV 35s promoter; DO, one 
copy of the 74-base pair (bp) DO AuxRE from the 
GH3 promoter; GH3, 592-bp GH3 promoter; 
P3(4x), four tandem copies of the P3 element; 
mP3(4x), four tandem copies of a mutated P3 
element. 
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corresponding mutations are defined as ml 
to m6; ml through m4 abolished auxin re- 
sponsiveness and ARFl binding. Results 
with m5 and m6 and the double-mutation 
m5,6 suggested that positions +5 and +6 
contribute to ARFl binding and auxin in- 
ducibility but to a lesser extent than posi- 
tions + 1 through +4. Mutations outside the 
TGTCTC element had little effect on auxin 
inducibility or ARFl binding. IAA24 bind- 
ing specificity was identical to that of ARFl 
(Fig. 3B). These results indicate that auxin 
inducibility and ARFl/IAA24 binding de- 
pended on the TGTCTC element and not 
on flanking or spacer sequences in P3(4x ). 

To further define the interaction of 
ARFl with P3 AuxREs, we used a P3(2x) 
probe for ARFl deoxyribonuclease (DNase) 

I footprinting. The P3(2 x ) probe contains 
a central everted repeat (ER) (convergent 
arrows) and flanking IRs (divergent arrows) 
(Fig. 4A). The DNase I footprint showed 
that ARFl binds to the ER in P 3 ( 2 ~ )  and 
that the footprint extends into the + 1 and 
+2 positions of the flanking IRs. DNA 
methylation interference experiments indi- 
cated that the G residues at the +4 position 
(opposite strand) in one half-site and the 
+2 position in the second half-site of the 
TGTCTC ER were critical for ARFl bind- 
ing (Fig. 4A). 

To confirm that ARFl prefers 
TGTCTC ERs as binding sites, we tested 
single copies of IRs and ERs in gel mobility- 
shift assays (Fig. 4B). A single-copy P3 IR 
failed to bind ARF1, but two-copy P3 (2 X ) 

and four-copy P3 (4 X ) palindromic repeats 
produced one and two ARFl complexes, 
respectively (Fig. 4B, lanes 1 to 3). It is 
likely that two rather than three ARFl 
complexes are observed with the P 3 ( 4 ~ )  
probe, because the spacing between the 
neighboring ERs is inadequate to allow un- 
obstructed binding to all three ERs at the 
same time (Fig. 4A). A single copy of ER7 
bound to ARFl and produced a single com- 
plex. A site-specific mutation in the 
TGTCTC sequence of one half-site within 
mER7 resulted in loss of ARFl binding and 
auxin inducibility (Fig. 4, B and C). We 
identified a natural ER (ER9-IAA4/5) (Fig. 
4B) in an auxin-responsive region of the 
PsIAA4/5 gene (12). One copy of ER9- 
IAA4/5 produced a single ARFl complex 

A 
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551 NGNTECRSSS YAGSF 

- 
Fig. 2. ARFl prote~n. (A) Amtno actd se- -1 114 Q ~ C T V I  
quence (1 7 )  of ARFl (GenBank accession A ~ E ~ T  178 TT - SAEl 
number U83245) and schematic diagrams m 1 3  5 6 2  WK 
of ARFl and related proteins. Sequences v p l  5 0 7  AIC~NLRFE A~g~f*:l 
related to the COOH-terminal regions of 
VPI and AB13 and to boxes Ill and IV In ,, ,,, 
Auw'lAA prote~ns are underl~ned and dou- ,,, ,,, 
ble underl~ned, respectively A putatlve ,,, ,19 

NLS IS lnd~cated w~th a dashed l~ne (B) 5 64 
Sequence al~gnments of ARFl , VPI , AB13. 
and a cDNA clone obtained with an Arabi- 
dopsis expressed sequence tag (GenBank c ,.n. ,P- , ,v  --------a ....-..---n---------- accession number 237232). (C) Sequence 
alignments of ARFI, IAA24 and Auw'lAA ARFl 544 C 

-1-BF 330  .fl? proteins, Arabidopsis IAA13, soybean 
Aux28, and pea PslAA4/5 (7) .  Conserved 7 5 9  ' 

QK 
boxes I and I" are underlined, and the ::. Baa-motif is indicated. The sequence of AUx28 

ARFl-BP (GenBank accession number p9m4i5 '!Bit 
U89771) IS also shown (74). Amino ac~d , i I11 

positions are indicated. Identities and sim- 
ilarities among the different classes of pro- 
teins are indicated in black and gray boxes, IAA24 802 

respectively. 

>ox I:' 
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(Fig. 4B, lanes 10 to  12) and functioned as can affect binding of the receptor (4) ,  we in responsiveness in vivo and for A R F l  
an AuxRE in catrot protoplasts (1 1 ). Be- altered the spacing between TGTCTC (and IAA24) ( I  1 ) binding in vitro is 7 or 8 
cause spacing between half-sites in GREs half-sites (1 3). The optimal spacing for aux- nucleotides (Fig. 4C). Thus, A R F l  and 

Fig. 3. ARFl DNA-b~nd~ng - 
domaln and rts DNA target. A & LL u +& 

< \h0+6'+,."+@@b@'L390 4!9 $9 (A) Two lefi panels show re- - + ka 
comblnant ARFl complexes - -  - 
wlth P3(4x) and natural pro- a 
rnoter GH3 (DO) probes. 
Other panels show gel mo- 
blllty-shlft assays with In vitro 

k 

translated, full-length and 
truncated forms of ARFl 
(18). Ammo acld positions in 
ARFl for COOH-termlnal (C) 
and NH,-term~nal (N) trun- 
cat~ons are shown above Y r  1 each lane. Longer expo- Probe Probe 

1 

ProDe 
sures are shown for the ~ 3 1 4 ~ )  DO p3 2x) 
COOH-terminal truncations 
(C359 and C286). (6) Mutations in TGTCTC result in loss of ARFl binding and auxin responsiveness. 
P3(4x) was used as the probe in gel mobility-shift assays with recombinant ARF1, and mutant 
variants were used as competitors. Two symmetrical sites within each palindrome were mutated in 
the P3 element for each competitor oligonucleotide. ARFl complexes are indicated by arrowheads. 
Mutated sites are indicated by number, with TGTCTC being +1 to +6. In vitro translated IAA24 was 
used in the lower panel (79). (C) Camt protoplast transfection assays, with or without auxin, with P3 
and mutant elements (4x palindrornic elements) fused upstream of the minimal promoter GUS 
reporter gene. 

B -1 t1 +2 t3 +4 +5 t6 t7 +8 +9 t5 - t5t6 

competitor- 2 i F i i >: 

A I 1 -- -- '300. 
aegggesggAGGGAGACAACTTGTCTCCCAAAGGGAGACAACTTGTCTCCCAAAOectc 

-Auxin 

gggcccgtccTCCCTCTGTTGMCAGAGGG~CCCTCTGTTGAACAOAGGGTTTCggsg 5 250 1 +Aux~n - 
I I 2 . .  - * f) 5 200 1 

V) : = 150: 
8 - ARF1 4 4 4 0 .  

1 2 3 
a : 

4 5 6 7 8 9 101112 Z 100: 
I - - 

t ' 

2 9. E E E E E Z Z E k E 2 2 5  W L U U W W W W W U W  

v E - 
ARFl- 

Fig. 4. Preferred blndlng s~te for ARFl (A) DNase 
I footpr~ntlng (left) and DNA rnethylatlon ~nterfer- 
ence (nght) wrth recombinant ARFl uslng a 

Lmm P3(2X) probe. LaneG. G-track of the probe; lanes 

-?- - 
Grl;-7 F , ; A ~  

1 and 6, free probe; lanes 2 to 5,0 2,0 4,0 8, and 
Probe (1x1  (A, 1 4 ~ )  1.6 pg of ARFl added, respect~vely. Brackets ~ n -  

dtcate footprint wlth ARFl and the sequencefoot- - -  
P3 AAGGGAGACAACTTGTCTCCCA Inverted repeat prtnted (below the autoradlogram). For DNA 

rnethylatlon Interference, the bottom strand was 
ER7 C ~ ~ ~ C C A A A G G G ~ A  Everted rOP9at labeled. Lane G, G-track, lane F, free; lane B, 

mER7 C ~ ~ % C C A A A G G ~  bound Aster~sks denote pos~t~ons of the G resl- - dues that, when methylated, affected blnd~ng of 
ER41AA415. cifmcccTATAAG~AGAcAA eweDanamA ARFl to the probe. (B) Gel shlfts wlth ARFl and 

synthet~c or natural TGTCTC palindromes. P3 and ER7 represent a slngle-copy IR and ER from P3(2x) and P3(4x), respect~vely. mER7 has a mutatlon wlthln 
one half-ate of the ER7 everted repeat. ER9-IAA4/5 ~sfound In the PslAA4/5 promoter (72). Recombinant ARFl prote~n used In lanes 1 to 3,4,7, and 10 was 
100 ng; In lanes 5,8, and 11 ~t was 200 ng; and In lanes 6,9, and 12 ~t was 400 ng (C) Transfectlon and gel moblllty-shlft assays, w~th or wlthout auxln, wlth 
angle-copy spaclng constructs 
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IAA24 are likely participants 111 auxin gene 
regulation through the  T G T C T C  elements. 
A single copy of ER8 was a more active 
AuxRE than other constructs that con- 
tained two copies of T G T C T C  (3, 11) and 
could represent the  perfect pallndromic 
AuxRE, similar to the  perfect pallndromic 
GRE (4) .  

As the  COOH-terminal paa-moti f  has 
n o  apparent effect o n  ARFl  binding to 
DN'4, what might be its function? W e  used 
the  COOH-terminal region of ARF1 as bait 
in a yeast two-hybrid screen (14) and isolat- 
ed two identical cDNA clones from an  Ara- 
bidopsis c D N A  expression library. T h e  trans- 
lated open reading frame ellcoded a protein 
(ARF1-Binding Protein or ARF1-BP) that 
contained a region with amino acid se- 
quence similarity to  boxes 111 and I\' of 
ARFl  (Flg. 2, A and C ) .  ARF1-BP showed 
less similarity to boxes 111 and IV in Aux/ 
I,4A and I,4'424 proteins. Thus, boxes I11 
and IV in ARFl  may facllitate interaction of 
ARF1 with ARF1-BP, and these interactions 
may contribute to  auxln respoilslveness 

Genetlc approaches to dlssect the  auxln 
slgnal transductlon p a t h w a ~  have resulted 
111 the  clonlng of AXRI, 4 L r X l ,  and hook- 
less1 genes 115). I d e n t ~ f ~ c a t ~ o n  of the  rele- " 

vant transcription factors should facllitate 
elucidation of the  lnecha~~lsms involved in  
auxin-regulated gene expression. 
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Large Porous Particles for 
Pulmonary Drug Delivery 

David A. Edwards," Justin Hanes, Giovanni Caponetti, 
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Jeffrey Mintzes, Daniel Deaver, Noah Lotan, Robert Langer* 

A new type of inhalation aerosol, characterized by particles of small mass density and 
large size, permitted the highly efficient delivery of inhaled therapeutics into the systemic 
circulation. Particles with mass densities less than 0.4 gram per cubic centimeter and 
mean diameters exceeding 5 micrometers were inspired deep into the lungs and escaped 
the lungs' natural clearance mechanisms until the ~nhaled particles delivered their ther- 
apeutic payload, Inhalation of large porous insulin particles resulted in elevated systemic 
levels of insulin and suppressed systemic glucose levels for 96 hours, whereas small 
nonporous insulin particles had this effect for only 4 hours. High systemic bioavailability 
of testosterone was also achieved by inhalation delivery of porous particles with a mean 
diameter (20 micrometers) approximately 10 times that of conventional inhaled thera- 
peutic particles. 

Inhaled aerosols are effective therapeutic car- 
rlers for the treatment of resplratory ~nflam- 
marlon ( I ) ,  cyst~c flbrosls (2), and other lung 
disorders (3); they also offer potenttal for non- 
mvaslve ST stemlc dellvery of peptldes and pro- 
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telns (4). Local and systeinlc inhalation ther- 
apies can often beneflt from a controlled re- 
lease of the therapeutic agent (5), as 1s achlev- 
able wlth the use of biodegradable polymeric 
materials (6). Slow release from an  ~nhaled 
therapeut~c particle can prolong the residence 
of an  administered drug in the airways or aclnl 
and can dl~ninish the rate of a drug's appear- 
ance in the bloodstrealn (7). Also, patient 
colnpliance Increases when dosage frequency 
1s reduced 17). , , 

The  human lungs, however, have efficient 
ineans of removing deposited particles over 
~ e r i o d s  ranglng froin minutes to hours. In the 
upper airways, clliated epithelia contribute to 
the "mucociliasy escalator" (8), by which par- 
ticles are swept from the airways toward the 
mouth. In the deev lui~gs, an  army of alveolar 

L - 
macrophages is capable of phagocytosing par- 
ticles soon after their deposition (9).  An ef- 
fectlve slow-release inhalation therapy there- 
fore reyulres a meails of a v o ~ d ~ n g  or suspend- 
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