
and the contacts with specific guanine resi- 
dues within sites I and I1 lead us to predict 
that different proteins interact with these 
sites. Site I1 encompasses a TATA box and, 
unlike site I, contains interactions with gua- 
nine residues on both strands. The specific 
G contacts in site I1 can be visualized as part 
of a region with partial dyad symmetry (as 
shown below) with the insertion of a T.A 
base pair on the 5' side of the dyad. 

0 0 0 

C T G G T C C G  
G A C C A G G C  
0 0 0 

In addition. the central sequence GGTCC 
has been shown to be specific for histone 
genes (1 7). The 5 ' portion of site I1 includes 
two additional guanine contacts on the up- 
per strand that are centered about the se- 
quence GC'TTTCGGTTI7'C, containing an 
imoerfect hexanucleotide reDeat. These two 
other guanine contacts and the large size of 
the DNase I footprint indicate that more 
than one orotein interacts at site 11. A 
functional role for site I1 is suggested by the 
requirement for the entire site in order to 
support correctly initiated transcription 
when deletion mutants were assayed in vivo 
(12). Interestingly, only the 3' segment of 
site I1 is necessary for properly initiated 
transcripts in whole cell extracts (18) or in 
nuclearextracts (19). 

In the case of the 3' portion of site I, the 
sequence around position - 125 includes a 
region with similarity to the S 1 decanu- 
cleotide consensus f 2 G G C G $2 2 $ (20). 
In addition the G contacts we detect in this 
region on the upper strand are similar to 
those for three tandem Spl  binding sites in 
the HTLV-I11 retroviral promoter (21). 
However. we do not see the tandem ar- 
rangement of Spl  sites characteristic of viral 
promoters in this H 4  histone gene (22). In 
the 5' portion of site I, we see two addition- 
al G cdntacts in a region containing a direct 
hexanucleotide repeat GAAATGACGAA- 
ATG; these contacts occur symmetrically 
around a central AC dinucleotide. A gel 
retardation assay provides evidence that se- 
quences in the 5 '  portion of site I are able to 
bind to a protein (HiNF-A) fractionated 
from HeLa nuclear extracts (23). The Taq I 
site at -133 is also highly accessible to 
restriction endonuclease digestion in nuclei, 
further evidence of the potential for interac- 
tion of two different proteins with site I. If 
the protein interacting with the 3' portion 
of site I is Spl, this would be the first 
demonstration of Spl  binding in vivo. Our 
results are consistent with the potential for 
binding of at least four proteins to the two 
sites detected in vivo. 

We have interpreted our results within the 

context of the types of sequences that most 
likely contribute to transcription of this cell 
cycle-regulated human H 4  histone gene in 
vivo. Because these protein-DNA interac- 
tions persist throughout the cell cycle, we 
suggest that these complexes contribute to 
the basal level of transcription, which occurs 
during GI, S, G2, and mitosis (16, 24). 
These results do not provide a direct expla- 
nation for the enhanced transcription of this 
H 4  histone gene in early S phase (4, 16). 
However, it is possible that these protein- 
DNA interactions, detected throughout the 
cell cycle, may senre as contact points for 
factors that are responsible for the cell cycle- 
specific fluctuations in transcription of this 
gene. Alternatively, specific protein-DNA 
interactions may be found in a more up- 
stream or in a more downstream region than 
we have investigated. 
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The Dynamics of Free Calcium in Dendritic Spines in 
Response to Repetitive Synaptic Input 

Increased levels of intracellular calcium at either pre- or postsynaptic sites are thought 
to precede changes in synaptic strength. Thus, to induce long-term potentiation in the 
hippocampus, periods of intense synaptic stimulation would have to transiently raise 
the levels of cytosolic calcium at postsynaptic sites-dendritic spines in the majority of 
cases. Since direct experimental verification of this hypothesis is not possible at 
present, calcium levels have been studied by numerically solving the appropriate 
electro-diffusion equations for two different postsynaptic structures. Under the 
assumption that voltage-dependent calcium channels are present on dendritic spines, 
free intracellular calcium in spines can reach micromolar levels afier as few as seven 
spikes in 20 milliseconds. Moreover, a short, but high-frequency, burst of presynaptic 
activity is more effective in raising levels of calcium and especially of the calcium- 
calmodulin complex than sustained low-frequency activity. This behavior is different 
from that seen at the soma of a typical vertebrate neuron. 

A N INCREASE IN FREE, INTRACELLU- ness (4). In other proposals, calcium acti- 
lar calcium is believed to be the vates a proteinase, which can increase the 
critical signal initiating the sequence number of glutamate receptors (2), reduce 

of events leading to short- or long-term - - 
modifications of synaptic strength (1, 2). It Center for Biolo ical Information Processing, Massachu- 

has been proposed that the entry of calcium seas Institute ofg~echnology, Cambridge, MA 02139. 

at the postsynaptic site triggers actin-myosin +To whom correspondence should be addressed at Divi- 

contractions in the spine neck (3), thereby sions of Biology and Engineering and Applied Science, 
216-76, California Institute of Technology, Pasadena, 

inducing a change in the synaptic effective- CA 91125. 
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potassium currents (5), or trigger a molecu- 
lar switch by autophosphorylation of a pro- 
tein kinase that could store information 
beyond the lifetime of any single protein 
(6). A critical feature of synaptic plasticity is 
its selectivity: only a certain class of sig- 
nals--coded in the specific pattern of the 
presynaptic input-should modify synaptic 
strength while all other signals should not 
perturb the system. In the cortex, the major- 
ity of excitatory, postsynaptic sites are on 
dendritic spines. Their small spatial dimen- 
sions make them experimentally unaccessi- 
ble; thus we have resorted to numerically 
solving the appropriate electrical and d i f i -  
sion equations (7) of a typical mammalian 
pyramidal cell spine (8). We can then com- 
pare the calcium summation behavior in 
response to synaptic input with that expect- 
ed at a typical vertebrate cell body, in this 
case type B bullfrog sympathetic ganglion 
cells. 

The input to the spine is provided 
through an excitatory synapse and has the 
effect of transiently increasing the mem- 
brane conductance for Na+ ions. This 

change in conductance is triggered by a 
single or a train of regularly spaced presyn- 
aptic action potentials. In addition to these 
neurotransmitter-activated voltage-indepen- 
dent channels, the spine head membrane is 
assumed to contain H slow, noninactivatina " 
potassium current IK, similar to that report- 
ed in hippocampal pyramidal cells (9) ,  and a 
fast calcium current Ip,. similar to that --, 

found in the hippocampus and in other 
locations ( lo) .  This calcium current is be- 
lieved to underlie the high-threshold ca2+  
spikes most likely originating in the dendrit- 
ic tree (11) and is assumed to become 
inactive with increased levels of intracellular 
calcium, [Ca2+li. The detailed kinetics of 
both currents (see legend to Fig. 1) are 
taken from the description of similar cur- 
rents in bullfrog gangljon cells, on the basis 
of extensive voltage clamp data (12). Also 
included in our model is a high-affinity, low- 
capacity, nonsaturable adenosine triphos- 
phate (ATP)-driven calcium transport sys- 
tem, pumping free, intracellular ca2+  into 
'the extracellular matrix (13). Moreover, we 
have assumed that two nondifisive calcium 

Spine head 

Shell 
- - -  

. - _ - / Core 
,- 
I \ 

11< - Distal neck 

> < Channels 

Fig. 1. (Left) A schematic of the electrical model , , Proximal neck 
of a spine. The synaptic induced-current is pro- f Ca diffusion 

, / 
portional to te-'ltpeak (E,,, - V), with time con- 
stant tpeak = 0.25 msec, synaptic reversal poten- 
tial E,,, = 0, a peak synaptic conductance change 
(J,,,) of 10 ns, and V is the voltage. The calcium Dendrite 

current is given by Ic, = Jc,m2h(~c, - V), with 4 
peak calcium conductanceJCa = 0.3 nS, calcium potential Ec, = - 12.5 l ~ g ( [ C a ~ + ] , ~ ~ ~ ~ ! [ C a ~ + ] ~ )  and 
[Ca2+Io the constant, extracellular calcium concentration (2mM). The lunet~cs of thls current are 
governed by the auxiliary equations dmldt = (m, - m IT, with m, = (1  + e'3-w18)-' and T,,, = 
3.9lcosh((V + 6)116) in milliseconds and h = K/(K + [ C ~ + ] s k l l )  with the dissociation constant K = 10 
p.M. Thus, at 10 p.M of intracellular free calcium, 50% of the calcium current is inactivated. At rest, the 
intracellular calcium concentration is 58 nM. The slow, noninactivating potassium current is given by 
IK =jKn(EK - V), with peak potassium conductance,& = 0.68 nS and potassium potentidEK = -86 
mV. The kinetics of the activation variable is governed by the equations dnldt = (n, - n ) / ~ ,  with n, = 
(1 + e'-35-~)1'0)-' and T, = 152/cosh((V + 35)/20) in milliseconds. The parameters for the passive 
system are leakage conductance = 28.6 pS, leakage potential Eleak = -70 mV, spine head 
capacitance C, = 0.04 pF, spine neck resistance RN = 175 megohm, dendrite resistance Rd = 400 
megohm, resting potential E,,,, = -75 mV, and dendrite capacitance Cd = 20 pF. The input 
impedance is 560 megohm at the spine head and 390 megohm in the dendrite. (Right) A schematic of 
the calcium transport-buffering system in the spine. The shell compartment approximates a shell 50 nm 
thick just below the neuronal membrane. The remainder of the spine head is taken up by a spherical core 
of 250-nm radius. The spine neck, a thin cylinder 1.0 pm long and 0.05 km in radius, is subdivided into 
two identical compartments. All compartments contain two stationary calcium buffering systems, 
calcineurin (CN) and calmodulin (CM). The shell contains 50 p.M calmodulin and 10 p.M calcineurin. 
All other compartments contain 25 p.M calmodulin and 5 p.M calcineurin. The forward binding rate' 
and the dissociation rate for calcineurin are 0.05 p.M-' msec-' and 0.025 msec-', respectively. 
Calmodulin forms four calcium complexes. Our model assumes no cooperativity in binding between the 
four calcium binding sites and is based on 0.05 msec-' for the forward and 0.5 msec-' for the 
reverse rates of all complexes. The ATP-driven calcium extrusion pump is modeled by: d[Ca2+]shell/dt = 

([Ca2+],h,ll - C)/T~~, , , ,~ ,  where C = 50 nM and T,,,, = 2 msec. [Ca2+] in the dendrite remains 
constant at 58 nM, actlng as a calcium sink. The discrete dlfision equations are solved with D = 0.6 
fim21msec. 

buffering systems, calmodulin and calcin- 
eurin, are distributed throughout the spine. 
High concentrations of both buffers have 
been identified in postsynaptic structures 
and spines (14). The binding of calcium to 
calcineurin and to each of the four Ca2+- 
specific binding sites at the calrnodulin pro- 
tein is governed by a first-order differential 
equation (15). We also included the effect of 
Ca2+ difising away from the submembrane 
space, into the spine head, through the neck, 
and ultimately into the dendrite. The appro- 
priate equations were integrated numerically 
with a first-order Euler routine. 

The membrane potential and the increase 
in calcium after a single synaptic input are 
shown in Fig. 2. Because of the high input 
impedance of the spine and its small mem- 
b r k e  capacity, t he  synaptic input will in- 
duce a fast and large excitatory postsynaptic 
potential (EPSP), thereby activating even 
high-threshold calcium channels. In the sub- 
membrane compartment, calcium initially 
rushes in faster than it can be bound by the 
buffers, with the result being the typical 
biphasic change in calcium seen throughout 
the spine. After about 2 msec the calcium 
current terminates and the action of d i f i -  
sion and-to a lesser extent-the action of 
the pump determine the subsequent slower 
decline in [Ca2+li. The calcium concentra- 
tion drops below 0.1 phf after 30 msec in 
the submembrane space and after 14 msec in 
the distal portion of the spine neck. 

. The trajectory of the potential and of 
[ca2+li after intensive presynaptic activity is 
illustrated in Fig. 3. Note the increase in the 
potential after the first four spikes, as a result 
of summation of the EPSPs (Fig. 3A). 
Figure 3B shows the dynamics of calcium 
and of the calcium-calmodulin complex after 
ten spikes at different presynaptic firing fre- 
quencies. If all ten spikes occur within a 
burst lasting 30 msec, [Ca2']i in the neck 
rises to 1.44 p M  The same number of 
presynaptic spikes at 100 and 50 Hz  elevates 
calcium to only 0.47 and 0.31 phf, respec- 
tively. Note that the firing frequency is 
never so high as to prevent most of the 
inflowing calcium from being buffered. 
Only for firing frequencies of 500 Hz  and 
higher would calcium accumulation as a 
result of insufficient buffering play a signifi- 
cant role (see the time-course of [Ca2+]i in 
Fig. 2). Our calculations did not show any 
saturation of the calcium buffers. The main 
reason for the nonlinear calcium summation 
is the small volume of spines. In conjunction 
with the fast kinetics of the buffer, the free 
calcium in spipes comes essentially to equi- 
librium within 1 or 2 msec. Subsequently, 
the spine "loses" calcium through the calci- 
um pump in the membrane and through the 
neck by difision into the dendrite where 
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Fig. 2. (A) The time course of Ica, (B) the 
potential in the spine and in the dendrite (dotted 
and solid line, respectively), and (C) [Ca2+] in the 
submembrane space and in the distal neck (dotted 
and solid line, respectively), after a single synaptic 
input to the spine. 

[ca2+li will subside within a few micro- 
meters to resting levels because of the large 
volume of the dendrite compared to the 
absolute amount of calcium leaving the 
spine and because of the presence of high- 
affinity buffers in the dendrite. For multiple 
presynaptic inputs, the decay of [ca2+]i is 
rapid: after about 250 msec, calcium levels 
are around 0.1 pl4, regardless of the previ- 
ous peak level of [ca2+]i. 

A much more dramatic effect can be ob- 
served if one considers the concentration of 
the hlly bound calcium-calmodulin com- 
plex, [Ca4.CM]. In the absence of any input, 
its resting level is very low: 3.3 x m .  
After ten presynaptic spikes at 333,100, and 
50 Hz, [Ca4 , CM] in the neck increases to 
4.5 x 4.4 x lo-*, and 5.8 x 
pl4, respectively. Thus, small, experimental- 
ly almost undetectable, differences in the 
level of induced internal calcium can lead to 
much larger differences in the level of calci- 
um binding proteins (Fig. 3B). This strong- 
ly nonlinear behavior is due to the fourth 
power relation between [Ca4. CM] and 
[ca2+li. Figure 3C reinforces these conclu- 
sions. Although an infinitely long train of 
spikes at 143 Hz will never increase levels of 
[ca2+li above 1.0 pM, nor [Ca4.CM] 
above 0.5 x pM, eight spikes at 333 
Hz  will drive [ca2+li  to 1.25 pl4 and 
[Ca4. CM] to pl4. 

The opposite calcium summation behav- 

ior is observed in the cell body. Type B 

-80 
20 40 60 80 160 200 240 280 320 

Time (msec) Frequency (Hz) 

Fig. 3. (A) The potential in the spine 
--.-......_____.._ (dotted line) and in the dendrite (sol- 

id line) after a short, high-frequency 

bullfrog sympathetic ganglion cell lack-den- 
drites and have spherical cell bodies of about 
20-km radius. The electrical model of these 

g 1 0 ' ~  

cells includes seven types of channels, a 
single lumped calcium buffer, diffusion, an 
ATP-dependent calcium pump, and the nic- 
otinic-induced synaptic EPSP (16). Figure 4 

- burst of presynaptic activity (ten 

shows the ca lc i~~concent ra t ion  through- 

spikes in 30 msec). (B) [Ca4. CM] 
and [Ca2+] in the distal neck after ten 
presynaptic spikes in 30 and in 200 
msec [that is, at 333 (solid line) and 
50 Hz (dashed line)]. Notice the 
logarithmic scale. At low calcium lev- 

-.- ---_. els, the steady-state concentration of 
[Ca4 . CM] is proportional to 
[Ca2+I4, which explains why the five- 

I I I i l l i l  

40 80 120 160 200 240 fold difference in calcium levels can 
Time (msec) lead to an almost 1000-fold differ- 

ence in [Ca4CM] levels. (C) Time 
required to reach a given levcl of [Ca2+] (solid lines, 1.0 CJM; dotted line, 1.25 CJM) or [Ca4 CM] 
(dashed line, 1.0 nM) in the distal neck compartment for a given presynaptic firing frequency. In our 
standard model, input below about 180 Hz will fail to elevate calcium to these levels. 

" 
out the inside of the cell after ten presynap- 
tic spikes at different firing frequencies. 
Each EPSP triggers an action potential, 
activating Ic, and leading to a small but 
constant (3 to 4 nM per spike) increase in 
[Ca2+li, in good agreement with experimen- 
tal data based on the use of the calcium dye 
arsenazo I11 (17). Because of the cell's large 
volume, calcium summation does not de- 
pend on the timing of the synaptic activity, 
but only on the absolute number of inputs 
(18). 

But what happens to levels of intracellular 
calcium if a nearby excitatory synapse-n 
either a spine or a dendrite-is activated 
conjointly with the synapse on the spine? 
We have simulated this situation by inject- 
ing current into the dendrite just below the 
spine (see legend to Fig. 1A). At high 
presynaptic firing frequencies (333 Hz), the 
second synaptic input-firing at the same 
frequency-more than doubles the amount 
of free calcium in the spine neck; this en- 
hancement is smaller at lower frequencies. 

Figure 5 shows the maximal evoked change 
in [ca2+li  as a function of the relative phase 
between a 50-Hz input to the spine and a 
similar input to the dendrite. In other 
words, twi separate but neighboring synap- 
tic inputs firing at low frequency more than 
double the amount of evoked [ca2+li  if they 
fire out of phase. A similar phenomenon has 
recently been reported for the dentate gyms 
(19). 

What do these simulations imply for the 
biophysical mechanisms underlying synaptic 
plasticity? Elevated levels of cytosolic calci- 
um seem to be required for the associative 
behavioral changes seen in mollusks (20) 
and for the establishment of long-term po- 
tentiation (LTP) (21), and can be observed 
after tetanic stimulation of hippocampal py- 
ramidal cells (22). Our main result is that a 
short, high-frequency burst of spikes is more 
effective in elevating the concentration of 
free calcium in dendritic spines than longer 
spike trains of lower frequency (23). These 
high levels of [Ca2+li decay within hundreds 
of milliseconds, placing constraints on the 
temporal specificity of the calcium-depen- 
dent processes leading to an eventual estab- 
lishment of LTP. The differences in calcium 
concentration are dramatically amplified 
when one considers the concentration of 
calcium-binding proteins (or enzymes), 
such as the calcium-calmodulin complex. 
This conclusion is to a large extent indepen- 
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dent of the specific parameters chosen for 
our model (24). Thus, short bursts of action 
potentials have special meaning for the ner- 
vous system, independent of their direct 

100 200 300 400 500 

Time (msec) 

Fig. 4. The dynamics of [Ca2+Ii after ten synaptic 
inputs at different frequencies [50 (-), 33 
(- - -), 20 (. . .), and 10 Hz (. - .)] in simulat- 
ed type B bullfrog sympathetic ganglion cells. 
Each nicotinic-induced EPSP (tpeak= 2.5 msec) 
triggers an action potential, activating Ic, and 
leading to an influx of calcium. The calcium 
summation behavior is-to a first approxima- 
tion-independent of the firing frequency. Thus, 
at all frequencies, the ten EPSPs raise [Ca2+] in 
the core compartment of the spherical cell (with a 
radius of 20 wm) to between 81  and 89 nM, in 
good agreement with experimental data (17). 
This model is based on extensive voltage-clamp 
data and includes seven time-, voltage-, and calci- 
um-dependent important currents, a single lump- 
ed buffer, and three shells surrounding a well- 
mixed central core compartment (of 19-wrn radi- 
US). It reproduces experimental results under a 
wide variety of different protocols, including both 
voltage and current clamp (16). The concentra- 
tion of extracellular calcium is 4 rnM. 

- - L-LJ-  _- 
4 8 12 16 20 

Delay time (msec) 

Flg. 5. Relative amount of maximal induced 
increase in [Ca2+] in the distal neck after applica- 
tion of a pair of simultaneous input pulse trains to 
both spine and dendrite (ten spikes at 50 Hz) as a 
function of the relative phase between both in- 
puts. The current Id induced by synaptic input to 
a neighboring spine is proportional to te-'ltpeak 
with tPeak = 1 msec to account for the low-pass 
filtering in the dendritic tree between the two 
spines (Fig. 1A). The upper curve illustrates the 
increase in the evoked calcium after depolarizing 
current injections to the dendrite, and the lower 
cun7e demonstrates a reduction in the evoked 
calcium concentration after hyperpolarizing cur- 
rent injections to the dendrite. In the absence of 
any synaptic input, the current injections caused a 
peak depolarization or hyperpolarization at the 
spine of + 15 or - 15 mV, respectively, relative to 
the resting potential. 

effect on the postsynaptic potential, since 
they initiate cellular plasticity by means of 
the transient increase in [Ca2+li. According- 
ly, we expect that neurons which are prone 
to calcium-initiated changes in synaptic 
strength, for example, hippocampal pyrami- 
dal cells, receive bursty synaptic input, while 
less plastic neurons receive less or none. 
Such nonlinear calcium summation behavior 
does not occur in larger volumes, such as cell 
bodies or proximal dendrites, where each 
synaptic input evokes a small and constant 
increase in [Ca2+li. In our model, Ic, pro- 
vides the link between synaptic inactivation 
and the increase in intracellular calcium. 
Other mechanisms for such a linkage are 
possible, for instance, a voltage- or calciurn- 
dependent release of calcium from intracel- 
lular organelles (25),  the sodium-calcium 
exchange pump working in reverse (26), or, 
in particular, the entry of calcium through 
activation of N-methyl-D-aspartic acid 
(NMDA) receptors by glutamate (27). We 
choose to simulate calcium entry with sepa- 
rate voltage-dependent calcium channels 
since not enough data are available to repre- 
sent some of these other mechanisms and 
since NMDA receptors appear to be absent 
in the mossy fiber input to hippocampus 
CA3 pyramidal cells (28). Finally, we have 
shown how a second EPSP or IPSP (inhibi- 
tory postsynaptic potential), by acting on 
the voltage-dependent calcium channel, in- 
creases or decreases the amount of evoked 
calcium, commensurate with experimental 
data showing that LTP can be enhanced or 
prevented by combining synaptic activation 
with depolarizing or hyperpolarizing cur- 
rent injections (29). In other words, the 
postsynaptic potential serves as "liaison," 
associating two or more spatially separate 
synaptic signals to each other by its effect on 
calcium influx. Ultimately, given the tempo- 
ral and spatial constraint on intracellular 
communication, only voltage can link syn- 
aptic events to each other. 
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The Role of Individual Cysteine Residues in the 
Structure and Function of the v-sis Gene Product 

The v-sis oncogene encodes a platelet-derived growth factor (PDGF)-related product 
whose transforming activity is mediated by its functional interaction with the PDGF 
receptor. PDGF, as well as processed forms of the v-sis gene product, is a disulfide- 
linked dimer with eight conserved cysteine residues in the minimum region necessary 
for biologic activity. Site-directed mutagenesis of the v-sis gene revealed that each 
conserved cysteine residue was required directly or indirectly for disulfide-linked 
dimer formation. However, substitution of serine for cysteine codons at any of four 
positions had no detrimental effect on transforming activity of the encoded v-sis 
protein. These results establish that interchain disulfide bonds are not essential in 
order for this protein to act as a functional ligand for the PDGF receptor. The 
remaining four substitutions of serine for cysteine each inactivated transforming 
function of the molecule. In each case this was associated with loss of a conformation 
shown to involve intramolecular disulfide bonds. These studies provide insight into the 
role of individual cysteine residues in determining the structure of the sislPDGF 
molecule critical for biological activity. 

T HE PRODUCT OF THE SIMIAN SAR- 

coma virus (SSV) transforming 
gene, v-sis, exhibits all of the known 

structural and functional properties of hu- 
man platelet-derived growth factor 
(PDGF), a potent mitogen for connective 
tissue cells ( 1 4 ) .  Moreover, v-sis alters 
growth properties only of cells that express 
PDGF receptors (4), implying that the 
transforming activity of v-sis is mediated 
directly by interaction of its PDGF-like 

product with the PDGF receptor. Since the 
minimal region of the v-sis gene product 
required for transforming activity is ho- 
mologous to one of the two peptide chains 
comprising PDGF (5-7), genetic manipula- 
tions of v-sis that impair its transforming 
function provide a means of studying the 
ability of both its products and PDGF to act 
as ligands for the PDGF receptor. 

PDGF as well as processed forms of the v- 
sis product are disulfide-linked dimers, 

en v v-sis 

Signal 
peptide - ~ ~ ~ ~ - 2 - r e l a t e d  domain - * 

p28v-~is 1 37 52 112 220 271 
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A 
127 154160163164171  2 0 8 2 1 0  

Fig. 1. Structural features of p28v'SiS and distribution of cysteine residues within its PDGF-2-related 
domain. The initiation codon for ~28'-"'" synthesis is assigned position 1. The region spanning residues 
1 through 51 is derived from the simian sarcoma-associated virus env gene, and residues 1 through 36 
represent the ~28'-"'" signal peptide. The region that is homologous to human PDGF-2 spans residues 
112 through 220. 
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whose mitogenic activities are abolished 
upon reduction (8-1 0). Despite evolution- 
ary divergence (1, 2), PDGF-1, PDGF-2, 
and the v-szs product, which is the monkey 
homologue of PDGF-2, all contain eight 
identically spaced cysteine residues within a 
core sequence required for biological activi- 
ty. In v-szs (Fig. l ) ,  the core region contains 
84 codons; five of the eight cysteines are 
clustered in a span of only 18 residues 
(amino acids 154 to 171). In the present 
study, we have investigated the role of indi- 
vidual cysteine residues on the structure and 
function of the v-sis transforming protein. 

Genetic manipulations of v-sis were ac- 
complished by site-directed mutagenesis. A 
1.2-kbp fragment containing v-szs was re- 
moved from the pSSVSV2 plasmid (5) and 
subcloned into M13mp19. By means of a 
17-mer oligonucleotide with the appropri- 
ate mismatch, a serine codon was substitut- 
ed for each cysteine codon according to the 
methods of Zoller and Smith (1 1 ) as modi- 
fied by Kunkel to allow for phenotypic 
selection of phage containing the desired 
mutation (12). Mutants were identified and 
their DNA sequences verified by the 
dideoxynucleotide method (13). Each mu- 
tant v-sis was then transferred back into 
pSSVSV2 for analysis of biological activity 
upon transfection of NIH 3T3 cells. Since 
the plasmid vector containing the v-sis mu- 
tants also had a dominant selectable 8pt  
marker gene, it was possible to score focus- 
forming activity as well as colony formation 
for each plasmid. 

Four of the eight mutants demonstrated 
transforming activities equivalent to that of 
wild-type SSV, whereas the other four mu- 
tants lacked any detectable transforming ac- 
tivity (Table 1). Each of the eight constructs 
was fully active with respect to the induction 
of colony formation in HAT (hypoxanthine, 
aminopterin, thymidine) medium. These re- 
sults established that cysteine residues 127, 
160, 171, and 208 were essential for v-sis 
transforming activity, whereas the loss of 
any one of the remaining cysteines had no 
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