
shows that the wave am~litude of the most 
unstable mode varies strongly with height. 
It is possible that variation in the level of 
the observed cloud top contributes to the 
irregularity of the observed wind oscilla- 
tions. A variation in the zonal wind profile 
or in the trapping properties of the atmo- 
sphere could also cause the wave to appear 
sometimes but not at other times. Our 
analvsis of Pioneer Venus observations 
shows that velocity oscillations may appear 
for a few days, disappear, and then reappear 
with a phasing unrelated to the previously 
observed oscillation. This sort of behavior 
is consistent with the low Q associated with 
the waves in our computation. 

Energy sources other than cloud feed- 
back are possible. Instability of horizontal 
shear is an obvious candidate excluded by 
assumption from the modeling reported 
here. The kev ~ o i n t  is that a low-order , . 
global wave mode that appears to have the 
correct kinematic properties has been iden- 
tified. In the absence of a forcing mecha- 
nism, it is estimated to decay with about a 
20-day time scale. Cloud feedback seems to 
have the right magnitude to provide the 
forcine and also seems to Dick out the 

u 

correct phase velocity for the most unstable 
mode, but we have not excluded other 
possibilities for excitation. 
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Protein Solvation in Allosteric Regulation: 
A Water Effect on Hemoglobin 

Marcio F. Colombo,* Donald C. Rau, V. Adrian Parsegian 
The oxygen affinity of hemoglobin varies linearly with the chemical potential of water in the 
bathing medium, as seen from the osmotic effect of several neutral solutes, namely 
sucrose, stachyose, and two polyethyleneglycols (molecular weights of 150 and 400). The 
data, analyzed either by Wyman linkage equations or by Gibbs-Duhem relations, show that 
-60 extra water molecules bind to hemoglobin during the transition from the fully deox- 
ygenated tense state to the fully oxygenated relaxed (R) state. This number, inde- 
pendent of the nature of the solute, agrees with the difference in water-accessible surface 
areas previously computed for the two conformations. The work of solvation in allosteric 
regulation can no longer go unrecognized. 

T h e  regulation of protein or enzymatic 
activity is often accomplished through the 
control of equilibrium among allosteric 
conformations. Differences in bindine affin- - 
ities of small effector molecules to specific 
regulatory sites among these conformations 
modulate this equilibrium. For hemoglobin 
(Hb), the prototypic allosteric protein, 
eauilibrium between R and T conforma- 
tions, and consequently its oxygen (0,) 
affinity, is modulated by the binding of 
several small molecules and ions, such as 
H+, CO,, phosphates, and C1-. The struc- 

- 
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tures of the two limiting conformations 
show that several direct contacts between 
subunits are broken and exposed to solvent 
during the transition from deoxy T state to 
the fully oxygenated R state (1). This 
change in structure implies a difference in 
hydration or water binding between the two 
conformations. However, the energetic 
consequences of solvation regulating pro- 
tein activity are usually neglected. 

Such water sensitivity can, in fact, be 
probed through the dependence of 0, af- 
finity on water activity or, equivalently, 
osmotic pressure. This "osmotic stress" 
method (2) has been used to measure inter- 
molecular forces (3), to map the thermody- 
namics of Hb S assembly (4), to measure 
the change in aqueous volume of a large, 
voltage-gated ionic channel (5), and to 

Laboratory of'~iochemistry and Metabolism, National modify the electron transfer reaction in 
lnstitute of Diabetes and Digestive and Kidney Dis- 
eases, National Institutes of Health, Bethesda, MD cytochrome c oxidase (6)' 
20892. The linkage between 0, uptake and 
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UNESP, Sao Jose do Rio Prbto, Sao Paulo, Brazil. by relations developed by Wyman (7). The 
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common usage of these equations, howev- 
er, implicitly assumes that the activity of 
one solution component is varied while all 
others are held constant. It is, of course, 
not possible to change the concentration of 
a single solute without also affecting the 
activity of water. Thus, changes in the 
affinity of Hb for 0, with the concentration 
of small solutes reflect the energetics not 
only of removing bound solutes from the 
bulk solution, but also of removing hydra- 
tion water. An imoortant criterion for dis- 
criminating between direct solute binding 
and osmotic effects is the sensitivitv to the 
chemical nature of the solute. A strictly 
osmotic effect would not depend on solute 
identity. A dependence of Hb 0, affinity on 
the concentration of several small. neutral 
solutes has been observed previously (8 ) ,  
but it has not been soecificallv analvzed for 
the indirect effect or; water activity. 

In this report, we explicitly consider the 
linkage between water activity and 0, affin- 
ity. We infer from the data that -60 extra 
water molecules are bound in the deoxy-to- 
oxy transition. These water molecules act 
thermodynamically as allosteric ligands and 
provide an essential energetic contribution 
to the functional regulation of Hb. 

The ligand binding properties of Hb can 
be well described by the Gibbs-Duhem re- 
lation. At constant temperature and hydro- 
static pressure, we have for an Hb solution 
with an average number of 0, (no), water 
(n,) , and other solute molecules (nL) asso- 
ciated per mole of protein: 

where pH,,, pOZ, p,, and pL are the chem- 
ical potentials of protein, oxygen, water, 
and other solutes in solution, respectively 
(9). Equivalently, solution components can 
be considered as surface-active compounds 
regulating the free energy of a protein sur- 
face (1 0). 

Several Maxwell relations can be writ- 
ten based on Eq. 1, relating changes in {n,) 
to changes in {pi). If there is no change in 
binding of solute with oxygenation, that is, 
(dt~~ldp,,!~, = 0, then a particular Max- 
well relatlon connecting changes in the 
number of associated waters n, and oxygens 
n,. with changes in 0, and water chemical 
pofentials is: 

This basic linkage relation allows one to 
measure changes in water binding, or pro- 
tein hydration, due to molecular events 
triggered by changes in 0, binding. For a 
simple osmotic stress effect, the chemical 
identity of the solute is unimportant and 
only the osmolality matters. 

The term (an,21apw),o, is the experi- 
mentally measurable change in 0, binding 
at constant 0, activity with a change in 

water activity. Integrating this quantity over Table 1. Sensitivity of l~g(p,~Ip~,) on osmotic 
all 0, pressures gives the total change of stress for Hb determined by flttlng E ~ .  5 to the 

, , associated with experimental data. water, An, = (nEq - ndeoxy) 
Hb in the transit from the fully deoxygenated 
to the fully oxygenated state, that is, dlog[p,dp~,]/ Standard 

Solute dn x 103 deviation 

Several reciprocal differential relations 
like Eq. 2 can be derived to describe the 
interplay of 0, activity and binding with 
ligand activity and binding. The linkage 
equations presented by Wyman (7) have in 
particular been widely applied to Hb oxy- 
genation thermodynamics. A general rela- 
tion for the coupling of p,, and no, with 
the binding of any solution component n, 
and its chemical potential, px, is 

( ~ P O , / ~ C L X ) ~ ~ ,  , . . . = ( a n ~ l a n ~ ~ ) ~ ~ ,  , . , (4) 

Wyman (7) introduced a median ligand 
activity, p,, to describe the full transition 
from deoxy to oxy form. For Ano, = 4, Eq. 
4 can then be expressed as 

To good approximation p, is psq, the 
oxygen partial pressure at half saturation of 
Hb. The slope of log(p,J versus log(ax) 
gives Anx, the difference between the num- 
ber of X associated with oxy and deoxy Hb. 

Sucrose 4.74 0.25 
Stachyose 4.42 0.51 
PEG-1 50 4.91 0.38 
PEG-400 4.78 0.54 
Mean value 4.71 0.13 

When X refers specifically to water, Anx is 
equivalent to the An, of Eq. 3. 

The presence of neutral solutes in the 
Hb solution changes its 0, affinity. In Fig. 
1, the fraction of 0, saturation of Hb, no, 
versus log(p,), is shown for different su- 
crose concentrations. Similar experiments 
with other solutes, PEG-150, PEG-400, 
and stachyose, display the same behavior, 
that is, a decrease in 0, affinity with the 
increase of neutral solute concentration. 
Calculated Hill coefficients are indepen- 
dent of solute concentrations over the rang- 
es measured. 

For consideration below, we further plot 
the data in two different ways. In Fig. 2, the 

Fig. 1. Influence of osmotic 1.0 

pressures (11) from differ- 
ent sucrose concentrations 
on Hb oxygenation: 1.8 
(0), 7.7 (V), 17.3 (0), 34.4 o,s 
(O),  and 43 atm (W). He- 
moglobin samples (21) 
were buffered with 0.1 M 
NaC110.05 M tris, pH 6.93, 
at 37°C. Sucrose (Ultra 0.6 
pure, BRL), stachyose 
(Sigma), triethylene glycol 
(molecular weight 150), $ 
and polyethylene glycol 
(PEG), average molecular 0.4 

weight 400 (both from 
Fluka Chemika), were used 
without further purification. 
, Hemoglobin concentration 0,2 

and met-Hb content were 
measured spectrophoto- 
metrically using published 
extinction coefficients (9). 
The osmolalities of the var- 0.0 

ious solutions were mea- 
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sured with a Wescor 5100 Log @O,) (mmHg) 
C Vapor Pressure Osmom- 
eter. Hemoglobin 0, binding curves were measured at 37°C and a protein concentration of about 
1 mM tetramer [a concentration high enough to obviate problems of dimerization (13)] using a 
Hemo-0-Scan Oxygen Dissociation Analyser (SLM-Aminco, Silver Spring, Maryland). The samples 
were typically deoxygenated by 5.6% of CO, in nitrogen and reoxygenated with 25% Q,, 5.6% CO, 
in nitrogen. The same sensitivities of p,, to osmotic pressure were obtained using gasses with no 
CO,. Concern over any small leaks was allayed by the observation of identical results with the 
unmodified Hemo-0-Scan and a modification sealing with silicone grease and enclosure in a plastic 
bag. Manual operation of the gas valves to give a very slow rate of oxygenation showed that the 
measured curves are equilibrium curves. The original curves were digitized in a Nunomics 2200 
digitizer (Jandel Scientific) for further analysis. To within the accuracy allowed by the Hemo-0-Scan, 
the oxygen loading of myoglobin showed no sensitivity to osmotic stress. 
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log of the ratio of 0, partial pressures at half is extremely low (1 3). Even at much lower 
saturation with and without added solute, concentrations, the tetramer-dimer equilib- 
log[p50/p:o], is shown versus osmotic pres- rium appears not to change with added 
sure Il for the four neutral solutes. In Fig. 3, sucrose (14). 
we plot the same data as l ~ g [ p ~ ~ l p ~ ~ ]  versus The change in 0, affinity reflects either 
log[X] where [XI is the molar solute concen- direct interaction between the neutral sol- 
tration. Utes and the protein or changes in solution 

These data show that 50 to 70 solute- ~rooerties. One mav think of different . . 
excluding water molecules become part of amounts of solute bound to each of the two 
the Hb tetramer in its transition from the forms of Hb or one may view the action of 
deoxy to oxy form. We consider several solute primarily through its effect on water 
possibilities for the action of the neutral activity and changes in protein hydration 
solutes and use linkage relations to convert for the different conformational states. 
the osmotic sensitivity of Hb into a measure 
of protein hydration change. 

Within the solute concentration ranges 
used, no change in the visible spectrum of 
the protein is observed, indicating that 
neither direct competition between solute 
and 0, nor the formation of hemi- or 
hemochrome derivatives. which occurs at 

To examine the possibility of direct sol- 
ute interaction with the protein, we plot- 
ted, in Fig. 3, l ~ g [ p ~ ~ / p ~ ~ ]  versus log[X], 
where [XI is the molar solute concentra- 
tion. This procedure is typical for analyzing 
data assuming only a change in direct solute 
binding. Unless there is strong cooperativ- 
itv or verv weak solute bindine. the de~en-  

higher solute concentratibn (1 1) and lower dence of dgO on log[X] should G i  linear.-~t is 
water activity (12), can explain the results not. 
shown in Fig. 1. Neither can changes in Still, if we force a linear fit to the data 
dimer-tetramer equilibrium. At 1 mM tet- and apply the Wyman linkage relation, Eq. 
ramer concentration, dimer concentration 5, then an approximate difference in aver- 

Fig. 3. The relative shift log(p,dpg,) with in- 
creasing solute concentration is shown as de- 
pendent on solute activity, log(X), for sucrose 
(0), stachyose (O), PEG-150 (O),  and PEG-400 
(.) 

age number of bound solutes in the full oxy 
and full deoxy of Anx = -1.0 +- 0.3 is 
found for all four solutes. 

Suoerficiallv. this last result obtained , , 
assuming only solute binding could be con- 
sidered quite reasonable. However, a closer 
look at the data and at the measured inter- 
action energies between sugars or PEGS and 
protein surfaces makes this interpretation 
improbable. The linkage plots in Fig. 3 for 
all four solutes closely superimpose. Unlike 
the expected common water linkage curve 
in Fie. 2 for all solutes (to be considered 
further below), the common plot here 
means that binding characteristics are inde- 
pendent of the chemical nature of the 
solute. Not only must there be binding of 
the sugars and the PEGS, but also the 
binding characteristics, that is the number 
of sites, and binding constants, must be 
closely and improbably similar for polyol 
sugars and for polyether PEGS despite their 
very different chemical properties. 

The indirect action of solute through 
water activity is tested by plotting the shift 

Table 2. Change in the number of water mole- 
cules per tetramer of Hb from fully deoxy to fully 
oxy form as determined in different solvents. 

An, 2 Anv 
standard determ~ned 

Solute deviation by 
determined integrating 
fromEq.5* Eq.(3)t 

Fig. 2. The relative shift in pO2 at half saturation, log(p5,1p~,), with increasing solute concentra- 
tion is shown as dependent on solution osmotic pressure (II) due to the action of different solutes: 
(A) sucrose, (B) stachyose, (C) PEG-150, and (D) PEG-400. The solid lines are the best nonlinear 
fits of the data with parameters shown in Table 1. The PEG-150 data does not extrapolate to pgo at 
II = 0. There is a shift in oxygen affinity that occurs at very low PEG-150 concentration. We do not 
know the origin of this. The slope of this plot, dlog[p5,/pg0]ldII, however, is unaffected within the 
experimental error. 

Sucrose 60 + 3.2 76 
Stachyose 56 =k 6.4 68 
PEG-1 50 62 * 4.8 60 
PEG-400 60 + 6.8 57 
Mean value * 60 + 2 65 + 4 

standard 
deviation 

*Wyman equation, tlntegration of Gibbs-Duhem 
eauation. 
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in log[~,dp;)~] versus Il for all four solutes 
(Fig. 2). Here the plots are clearly linear, 
indicating a linkage to a well-defined and 
constant difference in number of bound 
waters. Slopes are the same for all four 
solutes (Table 1). 

Differential hydration of the protein 
with no direct solute binding is sufficient to 
describe the suppression of 0, uptake. The 
effect of the solute on 0, affinity is indirect, 
acting through its effect on water activity. 

From Eq. 5, the slope of the common 
line in Fig. 2 gives the difference in the 
number of bound water molecules between 
the R and T conformations, that is, the 
total number of waters acting as allosteric 
effectors. Values of An, = n z Y  - nd,'""Y 
with standard deviations, from the Wyman 
linkage relation applied to the data for each 
solute. are summarized in Table 2. Averae- 

extra water molecules bound in the deoxy 
to full oxy transition calculated by this 
method is 65 + 4. 

This value is somewhat larger (- 10%) 
than that calculated with the Wyman equa- 
tion from the sensitivity of p,, on osmotic 
pressure. The integration method, howev- 
er, is more sensitive to small systematic 
errors in estimating Hb 0, saturation and 
O2 activities than the p,, method. The 
difference is probably not experimentally 
significant. There is also about the same 
difference in average An, between the sug- 
ars and PEGS; again, the difference is com- 
paratively small. In general, values of An, 
estimated by the two methods agree quite 
well. The binding of some 50 to 70 extra 
water molecules is linked to the transition. 

Arakawa and Timasheff (15) have di- 
rectlv measured the thermodvnamics of sue- 

Fig. 5. The dependence of (dn,,ldII)l,,, on 
log of partial pressure is shown. The area 
defined under this curve gives (114) An, v,/ 
2.303 RT (R, gas constant; T, temperature). The 
factor 4 accounts for the 4 oxygen bound per 
mole of Hb tetramer at full saturation. 

Lz 

ing the An, over the different solutes, we 
find An ... = +60 + 2 waters. 

- 
ar-protein and PEG-protein interactions for 
several different ~roteins with results ~ e r t i -  

W 

One finds essentially the same number of 
binding water molecules using Eq. 3 derived 
from the Gibbs-Duhem equation. The nu- 
merical evaluation of the partial derivative 
(a'lo,/apw)lpo2 from the oxygenation data 
is straightforward. The dependence of 'lo2 
on sucrose osmotic pressure at five p02 
values is shown in Fig. 4. Interestingly, 
these  lots are all well described bv a linear 

nent to our observations. Sugars and PEGS 
are preferentially excluded from protein molecules are necessary to hydrate the extra 

surface on oxy-Hb. The 60 water molecules 
we infer agree well with the estimated 
accessible surface area change. 

There are two basic contributions of 
these 60 water molecules to the energy 
difference between T and R states. The 
energy from transferring these waters from 
bulk solution to the new protein surface of 
the R state is the osmotic work we measure. 
There is also the very large energy associat- 
ed with the interaction energies of these 
water molecules with the ~ ro te in  surface. 

surfaces. In the range of sucrose concentra- 
tions examined here, the unfavorable inter- 
action energies between sucrose and protein 
surfaces appear predominantly osmotic, 
that is, linearly dependent on solute con- 
centration or water chemical potential, not 
on solute chemical ~otential. Solute exclu- 

correlation between 0, binding and water 
chemical ~otential. 

sion energies can be correlated with in- 
creased protein stability and decreased sol- 
ubility, states that minimize solute exposed 
surface area. 

Arakawa and Timasheff (15) have also 

The nimber of water molecules linked 
with full oxygenation is obtained by inte- 
grating this osmotic sensitivity of Hb 0, 
binding at fixed 0, activity over the entire 
range of 0, chemical potentials. The de- 
pendence of (anoZ/aII) Ipo2 on log(po2) is 
shown in Fig. 5. The area defined under 

Transfer energies alone can be significant. 
Compared to pure water, the osmotic work 
for binding these 60 water molecules to the 
R state is about 0.2 kcallmol Hb in a 
physiological medium (-0.28 osmol or 
some 6 atm). This 0.2 kcallmol is an 

shown that preferential exclusion interac- 
tions of several sugars are approximately 
linearly dependent on accessible protein 
surface area. Analyzing these data as an 

this curve gives An,. The results of integra- 
tion for each of the four solutes are summa- 
rized in Table 2. The average number of 

osmotic stress results in an estimated one 
water molecule Der 7 to 10 A2 ~ro te in  
surface area that excludes sugars. Unless the 
extra surface exnosed in the T -+ R transi- 

increase in allosteric energy of interaction 
due to the natural osmolyte concentration 
in the red cell. 

Water formally acts as any allosteric 
ligand, but, unlike any other ligand, water 
is the only one that is always active. It is 
doubtful that the R state would even exist 

tion has a greatly different character from 
that of most other protein surfaces, one 
should expect a similar exclusionlarea cor- 
relation for Hb. 

Several calculations of the difference in 
accessible surface areas (ASA) between the 
deoxv T and oxv R of Hb have been 

without the stabilization promoted by hy- 
dration of the extra surface. We are forced 

reporied (16) sho;ing that the ligated oxy 
protein exposes from 500 to 800 A2 more 
surface to the solvent than the unligated 
deoxy form. The rotation of the a lp l  dimer 
relative to the a,P, alone exposes 700 A2 
(16). The range of surface areas reported 
results from different estimates for the 

to recognize the importance of solvation in 
protein regulation. 

From here we are led to think in several 
new directions. Recent measurements of 
forces acting between many biopolymers 
(3) show the importance of water structur- 
ine to macromolecular interactions. Can 

Lz 

the enormous energies derived from these 
measured hvdration forces now be connect- 

changes in ala2 contacts. There is also 
considerable disagreement about the 
change in ASA along the highly flexible 
PIP2 interface. Considering only the more 
firmly established changes on ala2 and 
alplla,p, interfaces, and that one water 
molecule can cover about 9 to 10 A2 of a 
surface, one finds that 55 to 90 water 

ed with the solvation energies of protein 
surfaces that act in allosterv? These hydra- Fig. 4. The fraction of 0, saturation, no,, is 

shown as dependent on sucrose osmotic pres- 
sure shown for five po2 values: 7.2 (O), 11.2 
(e), 15.2 (W), 19.2 (El), and 23.2 mmHg (V). 
The slopes of the linear fits give (dno,ldn)lpo,. 

tion energies, perhaps acting to spread sol- 
vent-exposed surfaces, can be an excellent 
candidate for the delocalized energies pos- 
tulated by Hopfield (1 7) to explain changes 
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in Oz affinity without large changes in 
structure (1 8). 

It is clear that thermodvnamicallv/ener- 
getically significant waters of solvation are 
not eauivalent to the much more tightlv - ,  

bound waters that can be seen by x-ray or 
neutron diffraction although these "visible" 
waters can be among those seen thermody- 
namically. 

Intermediate states have been recently 
postulated for the R-T transition in Hb 
(19). Can the total 60 water molecules we ~, 

measure be assigned to specific molecular 
events and the osmotic stress method able 
to recognize structural intermediates? 

The action of other li~ands must be - 
reexamined to recognize their concomitant 
influence on water activity. Here we have 
only considered the two extreme cases: that 
there is only direct solute binding (An, = 
0) or only an indirect effect of solute on 
water binding (Anx = 0). Considering only 
water binding gives the best agreement 
between thermodynamic expectations and 
the ex~erimental data for these solutes. A 
more general treatment for solutes that do 
bind as well as change water properties 
would include both direct and indirect ac- 
tions. We will present elsewhere work re- 
analyzing the effect of C1- on Hb in terms 
of both water and ion binding (20). 

Solvent influence on regulation of Hb- 
based artificial blood preparations can differ 
from that of the highly controlled intracel- 
lular milieu of erythrocytes. Water activity 
must be a consideration in system design. 

Finally, one can see a unity between 
allosteric proteins and the several transport 
proteins (5, 6) where different functional 
states have measurably different levels of 
hydration. 
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An Origin of DNA Replication and a Transcription 
Silencer Require a Common Element 

David H. Rivier and Jasper Rine 
A eukaryotic chromosomal origin of replication was identified in the yeast Saccharomyces 
cerevisiae. By several criteria, including map position, deletion analysis, and a synthetic 
form of saturation mutagenesis, the origin co-localized with the HMR-E silencer, which is 
a DNA element that represses transcription of the adjacent genes. A specific site within 
the silencer was required for both initiation of chromosomal replication and for repression 
of transcription. This analysis directly demonstrates that initiation of eukaryotic chromo- 
somal replication is dependent on specific sequence elements and that a particular element 
can act in both initiation of chromosomal replication and regulation of transcription. 

DNA replication is perhaps the most pre- 
cisely regulated protein-nucleic acid interac- 
tion in biology; each base pair in the genome 
is replicated once and only once every cell 
division. Much of this regulation of replica- 
tion may occur at chromosomal origins, the 
sites at which replication initiates. Specifi- 
cally, in eukaryotes many origins must ini- 
tiate to replicate the entire genome yet 
reinitiation at all origins must be prevented 
until the next cell cvcle. Eukarvotic initia- 
tion of replication is regulated in at least two 
additional ways. Initiation is regulated dur- 
ing development of multicellular organisms; 
fe'wer origins initiate late in development 
than earlv in develo~ment. Initiation is also 
regulated temporally during S phase; differ- 
ent chromosomal origins or clusters of ori- - 
gins initiate replication at distinct times 
during S phase (1, 2). Little is known about 
the molecular mechanisms that control ini- 
tiation of eukaryotic DNA replication large- 
ly because chromosomal origins are ill-de- 
fined. Although a few chromosomal origins 
have been mapped to within a few hundred 
to a few thousand base pairs, no specific 
sequence element has been shown to be 
required for the initiation of chromosomal 
replication (3-5). 

Division of Genetics, 401 Barker Hall. Department of 
Molecular and Cell Biology, University of California, 
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We have focused on two asuects of DNA 
replication; namely, the identification of 
seauences reauired for chromosomal initia- 
tion and the possible relation between 
DNA replication and repression of tran- 
scription. Two lines of evidence demon- 
strate that DNA replication and transcrip- 
tion can share regulatory mechanisms. 
First, initiation of viral replication often 
depends on sequence elements and proteins 
that also activate transcription (6). Thus, 
eukaryotic DNA replication and transcrip- 
tion apparently can share common activa- 
tion mechanisms. Second, activation of 
transcription of the late genes in bacterio- 
phage T4 and adenovirus is dependent on 
replication of the phage or virus. Thus, the 
process of replication itself can activate 
transcription (7). 

The mating-type genes of S. cerevisiae 
provide a context in which to study the 
possible relation between DNA replication 
and repression of transcription. The mat- 
ing-type genes reside at three loci, MAT, 
HML. and HMR. At MAT (the mating- - 
type locus) the genes are transcribed and, as 
a result, govern cell type. Cells carrying the 
MATa allele have the a phenotype and 
cells carrying the MATa allele have the a 
phenotype (8). In contrast to the genes at 
MAT, the mating-type genes at HML and 
HMR are repressed and do not contribute to 
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