
no TGF-61 dimers are secreted from cells 
transfected with the plasmid pPTH-TGF 
(Fig. 2B, lane 7), cotransfection of pPTH- 
TGF and pProTGF results in secretion of 
biologically active TGF-61 dimers (Fig. 2B, 
lane 9, and Table 1). As judged by bioac- 
tivity and ELISA, -2.4% of the amount 
of TGF-PI present in supernatants from 
pTGF-P-transfected cells was present in 
supernatants from pPTH-TGF and 
pProTGF-transfected cells (Table 1). The 
reasons for the lower efficiency of dimer 
rescue by the proTGF-P sequence as com- 
pared with the results obtained with the 
activin A constructions are not understood. 

No activin A dimers were secreted from 
cells transfected with PITH-A and 
pProTGF, but activin A dimers were detect- 
ed in transfection experiments with a vector 
containing the proTGF- 6 1 sequences fused 
to the mature activin A sequences (6). It 
would therefore appear that the proTGF-pl 
sequences can substitute, albeit at a low 
efficiency, for the activin A pro-sequences. 
This result suggests that sequences in the 
pro-region responsible for mature region- 
pro-region interaction may be conserved 
between activin A and TGF-P1. The pro- 
region of TGF-Pl has been shown to con- 
tain one or more binding sites for the ma- 
ture homodimers since the pro-regions and 
mature regions are secreted from cells as a 
large noncovalently linked latent complex 
(7). It is tempting to speculate that the 
binding site or sites responsible for the 
formation of the TGF-P1 noncovalent com- 
plex are also used by the pro-region as it aids 
the dimerization of the mature regions. 

The results of the complementation ex- 
periments presented here demonstrate that 
the pro-regions of activin A and TGF-P1 are 
essential for the folding and assembly of 
activin A and TGF-Pl dimers. The abilin of 
an independently expressed pro-region to 
aid in the folding of a mature protein has 
been previously reported for a number of 
proteases (8). 
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Imaging and Manipulating Molecules on a Zeolite 
Surface with an Atomic Force Microscope 

The adsorption of neutral molecules and ions on the surfaces of zeolites was observed 
in real time with an atomic force microscope (AFM). Direct imaging of the surface of 
the zeolite clinoptilolite was possible by using a diluted tert-butyl ammonium chloride 
solution as a medium. Images of the crystal in different liquids revealed that molecules 
could be bound to the surface in different ways; neutral molecules of tert-butanol 
formed an ordered array, whereas tert-butyl ammonium ions formed clusters. These 
absorbed molecules were not rearranged by the AFM tip when used in an imaging 
mode. However, when a sufficiently large force was applied, the tip of the AFM could 
rearradge the tert-butyl ammonium ions on the zeolite surface. This demonstration of 
molecular manipulation suggests new applications, including biosensors and lithogra- 
phy. 

z EOLITES ARE CRYSTALLINE ALU- 

minosilicates that have a regular 
pore or channel structure on the 

order of atomic dimensions (1). Introducing 
aluminum atoms into a silica network yields 
a negative charge per A1 atom so that cations 
are required to balance the charge. These 
cations are loosely bound to framework 
oxygen atoms and can be readily exchanged 
for other cations in most cases. Zeolites with 

the appropriate combination of molecularly 
sized holes and cation exchange ability have 
found a great number of uses in the chemical 
industry. For example, acid zeolite Y cata- 
lysts are used to crack crude oil (Z ) ,  ZSM-5 
(a high silica content zeolite) is used to 
convert methanol to gasoline (3) ,  zeolite A 
is used as a water softener in homes (4) ,  and 
clinoptilolite is used for waste-water treat- 
ment to remove ammonium and phosphate 
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ions (5). T o  understand how molecules o r  
cations interact with the framework of zeo- 
lites, scientists have used a vast number of  
techniques ranging from x-ray crystallogra- 
phy to solid-state nuclear magnetic reso- 
nance (NMR) and electron microscopy ( 6 ) .  
Most of these techniques give complemen- 
tary information about how the zeolite and 
the molecule change as the nvo interact. 
However, imaging the real-time interactions 
of~nolecules or cations with a zeolite surface 
has not been possible with molecular resolu- 
tion. The AFM offers such an opportunity. 

Previously, AFMs (7) have been used to 
nondestructively image insulating surfaces 
with atomic resolution (8) even at 4 I< (9) 
and in vacuum (10). Polymers (11), amino 
acid crystal (12), and the magnetic domains 
in a thin film o f a  cobalt alloy (13) have been 
imaged with AFMs, and AFMs have also 
been used for atomic-scale friction measure- 
ments (14) and for the deposition and mea- 
surelnent of localized charges (15). Further- 
more, AFMs can image soft surfaces such as 
cells (16) and other biological samples (17, 
18) in water, because they can image with 
nondestructive forces as small as 1 n N  (19). 

This report details the use of an AFM to 
image the surface of a clinoptilolite crystal in 
various media and under-different condi- 
tions. We show direct imaging of the crystal 
surface, adsorption of tert-butanol onto the 
crystal, the clustering of tert-butyl arnmoni- 
urn cations [H3NC(CH3)3+], and molecular 
manipulation, or lithography, on an ad- 
sorbed layer of the cations. 

A natural crystal of clinoptilolite (20) (1.9 
mm by 1 .2  mnm by 0.5 mm) from Succor 
Creek, Oregon, was used initially without 
any chemical modification. The crystal was 
glued with epoxy onto a stainless steel plate, 
cleaved with a scalpel parallel to  the (010) 
plane, and mounted in the AFM (see Fig. 
1) .  The crystal was imaged under different 
liquids, which were introduced by filling a 
sealed cell (see lower schematic of Fig. 1) .  
The images were collected with Nanoscope 
I1 electronics and software (21) 20 min after 
exposure to  allow an equilibrium state to  be 
reached. Each image was acquired in either 
2.5 or 10 s. 

Direct imaging by the AFM of the surface 
of the crystal clinoptilolite (22, 23) [see Fig. 
2A for the geometry of its tetrahedral frame- 
work (24)] was performed by first cleaning 
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it in a O.lM NaOH aaueous solution at 
about 60°C for 1 hour to remove organic 
residues. The crystal was then reglued to the 
stainless steel plate and put into the AFM. 
Next. the sealed cell was filled with 0.0511.1 
tert-bhtyl ammonium chloride solution ( 1  : 1 
water: methanol). This solution was chosen 
because the tert-bun1 ammonium cations are 
larger than the 8-ring pores of the crystal, 
which prevents the cations from going into 
these pores (the ring size is the number of 
alulninate and silicate units). Methanol was 
added to the aqueous tert-bun1 ammonium 
chloride solution to break up  the water 
structure (25). Finally, the crystal was rinsed 
in the cell with deionized water and the 
surface was imaged (Fig. 2B). The measured 
lattice spacings in Fig. 2B are 0.75, 0.86, 
and 0.83 11111 with correct angles between " 
the directions (compare with inset of Fig. 
2B). 

Since zeolites are used for filtering and 
adsorption, it was natural to  attempt to  
image the adsorption of molecules onto the 
surface of the crystal clinoptilolite. The neu- 
tral compound iert-butanil (26) was chosen 
for the adsorption because of its size and its 
structure (polar O H  group connected to 
apolar tert-butyl group). Again, the size pre- 
vents these ~nolecules from entering the 8- 
ring pores. The tert-butanol was injected 
into the sealed cell on top of a freshly 
cleaved crystal surface. 

The AFM image of the crystal surface 
(010) in tert-butanol is shown in Fig. 2C. 
The monolayer of tert-butanol moiecules 
for~ns an ordered array, which suggests that 
the tert-butanol is absorbed into the &rings 
with its O H  group pointing down into the 
pore. This orientation would offer some 
additional coordination to the cations in the 
pores. Distances calculated from crystal 
structure (27) agree with the distances in the 
image; repeat distances in the image were 
0.87 nm (in the +32" direction, measured 
from the positive x-axis counterclockwise), 
0.92 nm (+8O0), and 0.74 nm (+140°), 
which corresponds to the distance from 
center to center of the &rings within the 
estimated error of 5 1 0 %  due to the drift 
and other uncertainties of the AFM and 
crystal variation by hydration. Diffusion and 
therefore the exchange of the tert-butanol 
molecules benveen the volume and the sur- 
face was not observed (28), possibly because 
the tert-butanol was at a temperature only a 
little above its melting point (25.5"C) dur- 
ing imaging. 

In order to  observe surface ion absorption 
(relevant to  ion exchange), we imaged the 
cnrstal surface under an ionic solution. The 
crystal was first washed with deionized wa- 
ter, and then a 0.1121 aqueous solution of 
teit-butyl ammonium chioride was injected 

into the sealed cell of the AFM. The AFM 
image of the crystal surface in the tert-bun1 
ammonium solution is shown in Fig. 2D.  
Note that tert-butyl ammonium cations clus- 
tered 011 the surface of the crystal. These 
clusters of about 2 nm by 3 nm by 0.6 nm 
formed within -1 mi11 after the tert-bun1 
ammonium solution was injected. The clus- 
tering is probably due to the hydrophobicity 
of the apolar part of the tert-butyl arnmoni- 
u ~ n  ions (25). 

It should be noted that because the micro- 
scope can begin imaging almost immediate- 
ly after a fluid is injected into the cell, the 
adsorption of tert-butyl ammonium cations, 
that is, the growth of clusters, was observed 
in real time. 

After imaging the surface in the tert-bun1 
a~nmonium solution, the clustering was then 
completely removed by rinsing the crystal 
with water without removing it from the 
AFM. Growths of new clusters were then 

Light 

Photodiode 

I 
$. 

Fig. 1. AFM schematic. T h c  AFM detects the  
\.crtical motion o f  the tip by sensing the displace- 
111cilt o f  the reflected beam \vith a avo-segmcnt 
photodiode (10, 30). A fccdback loop kecps the  
I-crtical deflection o f  the tip, and therefore the  
force that the tip applies o n  the  surfacc, constant 
by illo\vi~lg the surface u p  and do\vn \vith the  xyz 
translator. T h e  imaging under liquid was per- 
formed with a sealed cell that  is made o f  plexiglass 
and scaled with an  O-ring. Fo r  inore det  a1 ' I  s, see 
(17) .  
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Fig. 2. (A) Tetrahedral framework (24, _. f i o p  
tilolite (010) (a = 1.773 nm, c = 0.743 nm, and 
8 = 116'16'). One unit cell is outlined in the 
model. Each tetrahedron represents an Si or A1 
atom in its center with 0 atoms at the four 
comers. Each 0 atom is shared by two tetrahedra. 
In (B) through (E), the helght scale (left of B) is 
fnun the lowest point on the surface (black) to the 
height stated in the caption (white). (B) AFM 
image of dinoptilolite (010) in water with insert- 
ed model (image size, 16.7 nm; height, 0.5 nm). 
AFM images of (C) ten-butanol molecules ad- 
sorbed on dinoptilolite (010) with an inserted 
model (257 of one tett-butanol molacuk. which is 

imaged after reintroducing tert-butyl ammo- 
nium solution. This process of adsorption 
and removal of dusters proved to be repro- 
ducible and reversible over several cycles. 
The observation of different absorption 
states (ordered arrays versus clusters) for 
a r e n t  states of the molecule (neutral ver- 
sus charged) is further confirmation that the 
AFM can nondestructively image adsorbed 
molecules. 

Our final figure is from our investigation 
of lithography on the crystal surface. A layer 
of tert-butyl ammonium cations was ad- 
sorbed onto a clinoptilolite crystal, into 
which a cross "x" was "writtenn (Fig. 2E). 

dong the W axis (image 2% 8.35 
nm; height, 0.3 nm). (D) Clustering of tt-butyl 
ammonium cations from its 0.1M aqueous solu- 
tion (image size, 16.7 nm, height, 0.4 nm). (E) 
Lithography on a layer of fen-butyl ammonium 
cations that was adsorbed on dinoptilolite (010) 
(image size, 550 nm; height, 8 nm). 

The two crossing lines were scanned with a 
force greater than N while simulta- 
neously oscillating the crystal up and down 
at a fresuency of -5 k;Hz, which was 
achieved by increasing the proportional gain 
of the feedback loop. The "xn was imaged by 
scanning with a tbrce smaller than N. 
There were no detectable changes in the "x" 
or its environment during the 45 min in 
which it was monitored. 

The monitoring as well as writing (re- 
moving) of molecules at active sites could 
form the basis of a new generation of bio- 

sensors. The biosensor would consist of an 
array of receptor molecules which would be 
continuously monitored to see if they had 
adsorbed any molecules. The surface could 
be periodically refreshed by having adsorbed 
molecules removed either by washing, 
chemical reactions, or by physically remov- 
ing them with the AFM tip. 

The AFM can be used to image zeolite 
surfaces with molecular resolution. With a 
sealed cell, real-time adsorption and cluster- 
ing of molecules out of a liquid can be 
observed. Many important aspects of zeolite 
chemistry can be explored, such as sieving, 
exrernal versus internal d c e  chemistry, 
and surface structural elucidation. In prelim- 
inary work on other zeolites, we have im- 
aged the lattices of faujasite, scolecite, soda- 
lie, and stilbite (29). Manipulating mole- 
cules on a zeolite surface opens up new and 
interesting possibilities for lithography and 
biosensors. 
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Molecular Cloning of the Bombyx movi 
Prothoracicotropic Hormone 

Prothoracicotropic hormone (PTTH), a brain secretory polypeptide of insects, stimu- 
lates the prothoracic glands to produce and release ecdysone, the steroid essential to 
insect development. The complementary DNAs encoding PTTH of the silkmoth 
Bombyx mori were cloned and characterized, and the complete amino acid sequence 
was deduced. The data indicated that PTTH is first synthesized as a 224-amino acid 
polypeptide precursor containing three proteolytic cleavage signals. The carboxyl- 
terminal component (109 amino acids) that follows the last cleavage signal represents 
one PTTH subunit. Two PTTH subunits are linked together by disulfide bonds, 
before or after cleavage from prepro-PTTH, to form a homodimeric PTTH. When 
introduced into Escherichia coli cells, the complementary DNA directed the expression 
of an active substance that was functionally indistinguishable from natural PTTH. In 
situ hybridization showed the localization of the prepro-PTTH mRNA to two 
dorsolateral neurosecretory cells of the Bombyx brain. 

E CDYSONE, THE STEROID SECRETED 

by the prothoracic glands, is re- 
quired for insect growth, molting, 

and metamorphosis. The prothoracicotropic 
hormone (PITH),  a brain neuropeptide, 
stimulates the prothoracic glands to synthe- 
size and release ecdysone, thereby playing a 
central role in the endocrine network that 
controls insect development (1). Many ef- 
forts have been made to purify this hormone 
from insects ( I ) ,  but purification has been 
hampered by the small amount present in 
the brain and by attendant technical difficul- 
ties inherent in protein purification. We 
previously isolated PTTH from the silkmoth 
Bombyx movi and determined the sequence of 
13 amino acids from its NH2-terminus (2). 
We then purified Bombyx P I T H  on a far 
larger scale, concluded that PTTH is a di- 
meric molecule of relative molecular mass 
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-30 kD consisting of two identical or very 
similar subunits which are held together by 
one or more disulfide bonds, and sequenced 
the 104 amino acid residues from the NH2- 
terminus of the subunit (3). The complete 
sequence was still unknown, however. Here, 
we report the cloning and characterization 
of the Bombyx cDNA which enabled us to 
deduce the complete amino acid sequence of 
M T H .  

By screening a Bombyx brain cDNA 
expression library with a mouse antiserum 
to P I T H  (4) and then with an isolated 
positive clone as a hybridization probe ( 5 ) ,  
we obtained seven M T H  cDNA clones and 
characterized two types of cDNAs that en- 
code prepro-PITH, a precursor molecule 
for P ITH.  The P- 1 type cDNA contains an 
open reading frame that encodes a prepro- 
P I T H  of 224 amino acids (molecular mass 
26,027) consisting of a putative signal pep- 
tide segment containing the signal peptide 
(29 amino acids), two peptide components 
tentatively referred to as p2K (21 amino 
acids) and p6K (57 amino acids), and a 
P I T H  subunit (109 amino acids), in this 
order from the 5' end (Fig. 1). Proteolytic 
cleavage signals bound these components, 
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suggesting that they are separated after 
translation. We defined the last component 
as the P I T H  subunit because the amino 
acid sequence of this component up to the 
104th risidue matched the sequence deter- 
mined by amino acid sequencing of purified 
M T H  (3), except for the 41st residue, 
which had not been identified because no 
phenylthiohydantoin derivatives of amino 
acids were detected at this cycle of Edman 
degradation. The 41st residue has now been 
deduced to be Asn, forming a possible N- 
linked glycosylation site together with the 
following two residues (Asn-Lys-Thr). The 
identification of this glycosylation site 
agrees with the previous evidence that Bom- 
byx PTTH is a glycoprotein (6). The calcu- 
lated molecular mass of the P I T H  subunit 
(12,737) is slightly less than half the appar- 
ent molecular mass of purified mature 
M T H  [molecular mass of Bombyx M T H  
has been estimated to be 22 kD by molecu- 
lar sieving ( 4 ,  but is now considered to be 
30 kD from SDS electrophoresis data (3)]. 
The sequence length of the prepro-PITH 
cDNA is consistent with the brain mRNA 
size of -1.0 to 1.2 kb as determined by 
RNA (Northern) hybridization analysis (7). 
From these results and the vrevious amino 
acid sequencing data, we conclude that 
M T H  is first synthesized as a 224-amino 
acid polypeptide precursor containing a 
109-amino acid P I T H  subunit, and then 
two M T H  subunits are linked by disulfide 
bonds and glycosylated before or after post- 
translational cleavage to generate a homodi- 
meric mature M T H .  Sites of disulfide 
bonds remain to be determined. Peptide 
analysis of native PTTH (3) disclosed het- 
erogeneity with respect to the chain length 
at the NH2-terminus of the P I T H  subunit, 
and possibly at the COOH-terminus also. 
This heterogeneity may be due to proteoly- 
sis during purification, posttranslational de- 
letion of the terminal regions, or the pres- 
ence of multiple PTTH genes differing in 
sequence. Two peptide components con- 
tained in prepro-PTTH, p2K and p6K, are 
vresumed- to- be cleaved posttranslationally 
and may play some unknown physiological- 
ly or developmentally important functions. 
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