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Interstellar Matter and 
Chemical Evolution 

M. Peimbert, A. Serrano, S. Torres-Peimbert 

The chemical composition of the inter- 
stellar medium can be determined by 
studying the emission line spectra of 
gaseous nebulae. Hydrogen, helium, car- 
bon, nitrogen, oxygen, and neon are the 
six most abundant elements in our gal- 
axy and in those galaxies for which accu- 
rate abundances have been determined. 
The relative abundance of these ele- 
ments in the interstellar medium can be 
derived from H 11 regions, planetary 
nebulae, and supernova remnants. 

where a substantial fraction of the gas 
has gone into stars, it is possible to study 
the chemical evolution of galaxies. 

Abundance determinations of super- 
nova remnants are not discussed in this 
article because their accuracy is consid- 
erably smaller than that of abundance 
determinations of H I1 regions and plane- 
tary nebulae. Similarly, stellar surface 
abundances are not discussed because, 
with the exception of a few results for 
the Magellanic Clouds, there are no indi- 

Summary, The determination of chemical abundances of the interstellar medium is 
related to three different areas of astronomy: pregalactic conditions, stellar evolution, 
and chemical evolution of galaxies. The observed abundances permit the testing of 
theories associated with these areas. Knowledge of the abundances of helium, 
carbon, nitrogen, and neon relative to the abundance of hydrogen in the interstellar 
medium puts limits on current models of cosmology, stellar evolution, and galactic 
evolution. 

Accurate abundance determinations of 
H I1 regions have made it possible to find 
small differences in the abundance of 
elements among various galaxies and 
among different regions of the same gal- 
axy. These small differences occur be- 
cause material produced in stellar interi- 
ors and rich in elements heavier than 
hydrogen has been injected into the in- 
terstellar medium. The enrichment of the 
interstellar medium is due to loss of mass 
from stars of intermediate mass that be- 
come planetary nebulae before turning 
into white dwarfs and from massive stars 
that explode as supernovae. By studying 
H I1 regions where almost no star forma- 
tion has occurred, it is possible to deter- 
mine pregalactic chemical abundances; 
and by studying H I1 regions in galaxies 

vidual determinations for stars in other 
galaxies. Even in our galaxy, the accura- 
cy with which the relative abundances of 
some key elements can be derived is 
smaller for stars than for H I1 regions 
and planetary nebulae. This is particular- 
ly the case for the HeIH ratio. 

Observational Data on Abundances 

H I1 regions are conglomerations of 
gas and dust where stars are being 
formed at present; the most massive H I1 
regions are hot enough to be able to 
ionize hydrogen atoms (see Fig. 1). The 
chemical composition of their gaseous 
component has been affected by stellar 
enrichment throughout the life of the 

galaxy. They are called H I1 regions 
because most of the gas is in the form of 
ionized hydrogen. In H I1 regions of the 
galactic neighborhood about 90 percent 
of the atoms are of hydrogen, about 10 
percent are of helium, and about 0.1 
percent are of all the other elements 
combined. The fractions of these three 
constituents, normalized by mass, are 
called X, Y, and Z, and for the interstel- 
lar medium in the solar neighborhood 
their values amount to 0.70, 0.28, and 
0.02, respectively. 

Planetary nebulae are shells of gas 
ejected from and expanding about ex- 
tremely hot central stars. Stars of inter- 
mediate mass go through the planetary 
nebulae stage after the red giant phase 
and before they become white dwarfs. 
The ultraviolet flux of the hot central star 
ionizes the ejected shells. The physical 
processes responsible for the emission 
line spectrum in the outer envelopes of 
planetary nebulae and in H I1 regions are 
very similar. 

The emission line intensity of a given 
ion in a gaseous nebula (planetary nebu- 
lae and H I1 regions are called gaseous 
nebulae) depends on the distribution 
along the line of sight of the electron 
density (N, ) ,  the electron temperature 
(T,) ,  and the ionic concentration, 
N(X+') ,  as well as on atomic parameters 
that represent the likelihood of photon 
emission. Values of N, can be deter- 
mined from the ratio of two emission 
lines of the same ion with almost the 
same excitation energy, and values of T, 
can be determined from the ratio of two 
emission lines of the same ion with very 
different excitation energies (1). 

The relative ionic abundances are de- 
termined from the ratio of two line inten- 
sities of the ions involved. The lines 
chosen are not affected by radiative 
transfer effects, and the accuracy of the 
abundance determinations is given by 
the accuracy of the line intensity deter- 
minations and the precision of atomic 
constants. There are two types of gener- 
al processes that produce emission line 
photons in a gaseous nebula: recombina- 
tion, which in the case of hydrogen is 
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responsible for the Balmer lines, and 
collisional excitation of atomic energy 
levels followed by radiative de-excita- 
tion. The recombination line intensities 
depend weakly on Te, whereas the inten- 
sities of the collisionally excited lines in 
the optical and ultraviolet electromag- 
netic domains depend strongly on T,. 
Therefore, high-quality determinations 
of the He+M+ abundance ratio, which 
are based on recombination lines, have a 
typical accuracy of 10°.04 (= 0.04 dex), 
and high-quality ionic determinations of 
carbon, nitrogen, oxygen, and neon, rel- 
ative to hydrogen, based on collisionally 
excited lines have typical accuracies of 
about 0.15 dex as a result of their higher 
dependence on Te and the lower preci- 
sion of the atomic constants. 

For some of the atoms we do not 
observe lines corresponding to all the 
stages of ionization present in the nebu- 
la. Obtaining the total abundances re- 
auires evaluation of the fraction of atoms 
in the unobserved stages of ionization. 
This estimation is usually based on the 
degree of ionization and on ionization 
structure models. Observations at differ- 
ent positions of a given nebula often 
permit a better determination of this cor- 
rection. 

Some of the more accurate abundance 
determinations for galactic and extraga- 
lactic H I1 regions are given in Table 1, 
where the Orion Nebula is representa- 
tive of the solar neighborhood, and aver- 
age values for several H I1 regions in the 
Large Magellanic Cloud (LMC) and the 
Small Magellanic Cloud (SMC). Table 1 
also shows the abundances for planetary 
nebulae of different types; the (He-N)fi,h 
and intermediate planetary nebulae are 
solar neighborhood objects whose parent 
stars are relatively young (1 x 10' to 
3 x lo9 years), whereas halo planetary 
nebulae have very old parent stars, with 
ages similar to the age of the galaxy 
(about 10" years). Most of the abun- 

dances in Table 1 were obtained from 
observations made with ground-based 
optical telescopes; however, abundances 
of carbon and some ions of nitrogen and 
neon were obtained from observations 
made with the International Ultraviolet 
Explorer satellite. 

Pregalactic Chemical Abundances 

Observational studies of planetary 
nebulae and supernovae, as well as stel- 
lar evolution models have shown that 
during their lifetimes stars enrich the 
interstellar medium with elements heavi- 
er than hydrogen. Therefore, to find the 
pregalactic chemical abundances, it is 
necessary to observe regions where star 
formation has not been important-that 
is, to study H I1 regions located in galax- 
ies where the fraction of mass in the form 
of interstellar gas (M,,IMtot,~) is large. 
From abundances determined for extra- 
galactic H I1 regions, it has been found 
that generally the higher the values of 
Mga,/M,,I in the galaxies where the H I1 
regions are located, the smaller the abun- 
dances of carbon and heavier elements 
(2, 3). This can also be seen in Table 1, 
since the values of Mga,IM,otd ratios for 
the LMC and the SMC are 0.12 and 0.42, 
respectively (2). This result implies that 
the Z value with which galaxies were 
formed is less than one-tenth of the value 
for the Orion Nebula or for the sun. Stars 
of masses smaller than about one solar 
mass (1 Mo) would not be expected to 
show variations in elements heavier than 
neon because nuclear reactions in their 
central regions do not produce or de- 
stroy them; therefore their abundances 
are indicative of the prestellar values. 
Measuring the abundances of elements 
heavier than neon relative to the abun- 
dance of hydrogen in very old stars has 
shown that such elements are under- 
abundant compared to their abundances 

in the Orion Nebula and the sun by about 
two orders of magnitude. This is the case 
for sulfur and argon in halo planetary 
nebulae (4), and for iron in globular 
cluster stars (5). From the previous dis- 
cussion, it follows that the pregalactic Z 
value is smaller than 0.002 and possibly 
smaller than 0.0002. 

All of the well-observed H I1 regions 
in our galaxy and other galaxies show 
similar He/H abundance ratios, about 
0.07 to 0.1 1, which correspond to Y 
values between 0.22 and 0.30. One of the 
main uncertainties in the determination 
of the Hem abundance ratio is due to the 
correction for the amount of neutral heli- 
um. Fortunately for objects with low 01 
H values, this correction is small and 
amounts to 0.01 (or less) of the Y value. 
From observations of H I1 regions with 
O/H values similar to that of the Orion 
Nebula, Y is found to be between 0.27 
and 0.30, whereas from those H I1 re- 
gions with OM values smaller by a factor 
of 2 or more than the O/H value of the 
Orion Nebula, Y is found to be between 
0.22 and 0.25 (2, 6-12). These values 
indicate that a very general process oc- 
curred before the formation of galaxies 
that produced X = 0.77, Y = 0.23, and 
almost no heavy elements. This result 
together with the 3 K background radia- 
tion field and the recession of the galax- 
ies (expansion of the universe) are the 
three strongest pieces of evidence in 
favor of Big Bang cosmology. 

All of the observed H I1 regions have 
Z # 0 and belong to galaxies in which a 
substantial fraction of the mass has al- 
ready been converted into stars. The Z 
value is probably due to enrichment of 
the interstellar medium by loss of mass 
from previously formed stars. For a very 
accurate pregalactic helium abundance 
(Y,) to be determined, the observed Y 
values have to be extrapolated to the 
case with Z = 0. As a first approxima- 
tion it can be assumed that, as a result of 
star formation, for any increase in XI6 
there is a corresponding increase in 
freshly made Y; that is, AY/AXI6 = p, 
where XI6 is the oxygen abundance by 
mass and constitutes about 45 percent of 
Z (9). While one group of observers finds 
that for the Orion Nebula and for metal- 
poor H I1 regions AYIAXI6 - 6 + 2 (2, 
7-10), another group finds that for metal- 
poor H I1 regions AYlAXI6 - 3 + 8 (12). 
Adopting different determinations of the 
initial mass function for the solar neigh- 
borhood (which gives the relative pro- 
portion at birth of stars of different mass- 
es) and different stellar evolution models 
has resulted in the prediction that AYI 
AX16 is between 2 and 7 (13). 

Values of Y versus OM presented in 
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Fig. 2 are based on observations of H I1 
regions in spiral, irregular and blue com- 
pact galaxies. In this figure, we show the 
three best Y determinations that have 
been reported (7-9), with estimated stan- 
dard deviation errors ( la) ,  together with 
additional very good data reported by 
others (2, 11, 12). We consider our Y 
values (7-9) to be better than those of the 
other three groups of observers (2, 11, 
12) because the procedure used to esti- 
mate the amount of neutral helium inside 
the H I1 regions was based on an empiri- 
cal ionization correction formula that 
included 0' and 02+ and, in addition, 
was based on the condition that the 
dispersion of the HelH ratio would be 
minimum for a set of H I1 regions of a 
given galaxy. The Mexican group (2, 7- 
9, l l ) ,  which finds AY/AX16 - 6, used a 
subset of the data in Fig. 2 to obtain 
Yp = 0.225 by extrapolating to Z = 0. 
Kunth and Sargent (12) used another 
subset of the data in Fig. 2, and letting 
AY/AXI6 = 0, obtained Yp = 0.245. An 
exhaustive discussion of the internal and 
external errors of these determinations 
has not been reported, but from unpub- 
lished work the error in Yp is estimated 
to be about 0.01 at the l a  level (14). 
Furthermore, it is not known if AY 
should be linear with A2 for values 
smaller than the minimum observed OIH 
ratio. The point is very important be- 
cause YP = 0.225 is consistent with a 
standard (that is, the simplest) hot Big 
Bang model with only two families of 
two component light neutrinos (m, 6 1 
million electron volts, where m,, is the 
rest mass of the neutrinos), whereas 
Y, = 0.245 is consistent with the stan- 
dard model with three families of two 
component light neutrinos (15). If 
Y, < 0.23, either the T neutrino might be 
heavy (m, > 1 MeV) or a nonstandard 
Big Bang model would have to be adopt- 
ed. 

To increase the accuracy of the Y, 
determinations from H I1 region obser- 
vations, we need (i) more accurate mea- 
surements of several HelH emission line 
ratios in a given H I1 region, (ii) measure- 
ments in several areas of a given H I1 
region, (iii) better H I1 region ionization 
structure models, and (iv) observations 
of several H I1 regions in a galaxy with a 
well mixed interstellar medium. 

Interstellar Medium Enrichment 

The previous discussion suggests that 
galaxies are formed with X -- 0.77, Y = 
0.23, and almost no heavy elements. 

The theory of stellar evolution pre- 
dicts that in the lifetime of the galaxy, 

Table 1. Chemical abundances expressed as log N(X)  and scaled to log N(H) = 12.00. 

Element 
Type 

Refer- 
H He C N 0 Ne ences 

- -- 

H II regions 
Orion 12.00 11.01 8.57 7.68 8.65 7.80 
LMC 12.00 10.92 7.86 7.03 8.34 7.44 (2 ,7 ,10)  

(9) 

SMC 12.00 10.89 7.00 6.41 7.89 7.03 (2, 8, 10) 

Planetary nebulae 
(He-N),ich 12.00 11.18 8.3-9.1 8.6 8.6 7.9 (19) 
Intermediate 12.00 11.04 8.4-9.2 8.1 8.7 8.1 (1 7) 
Halo 12.00 10.99 8.9 6.7-8.3 7.9 6.2-8.0 (18, 40) 

only stars more massive than - 1 Mo 
have evolved and ejected material that 
has modified the chemical composition 
of the interstellar medium. The stars 
more massive than - 8 Mo produce su- 
pernovae that enrich the interstellar me- 
dium with oxygen and heavier elements 
such as neon, sulfur, argon, iron, and 
nickel. The intermediate mass stars pro- 
duce planetary nebulae that enrich the 
interstellar medium with helium, nitro- 
gen, and carbon; this can be seen by 
comparing the abundances of these ele- 
ments in (He-N),i,h and intermediate 
planetary nebulae of the solar neighbor- 
hood with the Orion Nebula values (Ta- 
ble 1). 

The stellar evolution predictions for 
the chemical composition of planetary 
nebulae shells by Iben and his collabora- 
tors (16) have been compared with ob- 
servations (17-20). For example, a com- 
parison of theory with observations is 
shown in the plot of log C/O versus HelH 
in Fig. 3. In general, the agreement is 

good and indicates that intermediate 
mass stars produce large amounts of 
carbon and helium. Moreover, these 
stars are responsible for most of the 
carbon and nitrogen and a substantial 
amount of the helium enrichment of the 
interstellar medium (13, 21). 

The location of NGC 6302 and N97 in 
Fig. 3 indicates that, in the stellar mod- 
els, the ratio of the convective mixing 
length to the pressure scale height, a ,  
has to be about 2. There are two other 
arguments in favor of this value of a ;  a 
smaller value of a would produce a CIH 
ratio larger than that observed in the . 
solar neighborhood (21); a smaller value 
of a would be inconsistent with the de- 
crease of the OIH ratio with increasing 
NIH found in (He-N),i,h planetary nebu- 
lae (18, 21, 22). 

Another result that can be derived 
from Fig. 3 is that the predicted mass for 
the observed chemical composition of 
NGC 6302 and N97 is around 8 Mo. This 
result is important because it indicates 

4 HelH 
I I I 1 I 

0 2 4 
I Fig. 2 (left). Graph of Y versus OIH for 

OIH 
galactic and extragalactic H I1 regions. Cross- 
es are the data from (2); the square corre- 

sponds to NGC 5471 in MI01 (11), and the filled circles are the data from (12). For these points, 
the errors are not labeled to avoid crowding. Two possible values of the pregalactic helium 
abundance, Y,, are marked by arrows. Fig. 3 (right). C/O versus HelH abundance ratios. 
From stellar evolution models, the predicted values for the planetary nebula shell are presented 
for two values of a, the ratio of the convective mixing length to the pressure scale height. The 
solid line is for a = 0, and the broken line is for a = 2. The numbers in the figure denote the 
mass of the progenitor stars. The filled circles are the observed values for planetary nebulae. 
Standard deviation errors (ID) shown for one object are typical for the sample. 
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that at least some stars with initial mass- 
es around 8 Mo do not become superno- 
vae. However, before this result is ac- 
cepted, other tests of the stellar evolu- 
tion theory of intermediate mass stars 
should be made. An independent obser- 
vation that supports this result is the 
detection, in galactic clusters, of white 
dwarfs that had progenitors with masses 
around 7 Mo (23); white dwarfs and 
nuclei of planetary nebulae have masses 
smaller than 1.4 Mo, and therefore the 
excess mass was lost by stellar winds 
and planetary nebulae shell ejection. 

In spiral galaxies, like ours, the Mgas/ 
MtOtaI ratio increases from the center 
outward (24), and therefore the amount 
of heavy elements relative to hydrogen 
should decrease from the center out- 
ward. This is indeed what is seen in our 
galaxy and other galaxies (11, 25). The 
quantitative study of these gradients is 
related to the problem of the chemical 
evolution of galaxies. 

Chemical Evolution of Galaxies 

To explain the observed abundances 
in the interstellar medium of our galaxy 
and other galaxies, it is necessary to 
construct models for the chemical evolu- 
tion of galaxies (2, 26, 27); in these 
models the abundance at a given time in 
a given region of a galaxy depends on (i) 
the initial mass function, (ii) the birth 
rate of stars and the chemical composi- 
tion of mass lost by the stars during their 
evolution, and (iii) the existence of large- 
scale mass flows, like infall from the halo 
or radial flows across the disk of a gal- 
axy. Since these physical parameters are 
not generally known in galaxies, the ob- 
served abundances can be used as con- 
straints of the galactic chemical evolu- 
tion models. 

In closed models, in which there are 
no mass flows, the total mass (gas plus 
stars) is conserved and abundances de- 
pend only on the fraction of the initial 

Constant yield - - - 
Variable yield - 
y = 0, simple models 
y = I ,  infall models 

Fig. 4. Effects of accretion of primordial gas 
and of yields increasing with metallicity on 

2 the relation between the metallicity, repre- 
sented by XI6,  and the gas fraction M,,,/ 
M,,,,]. Filled circles represent observations of 

N- galactic and extragalactic H I1 regions (3). 
0 - Also presented are models with a constant 
: x yield (p16 = 0.0023) and models with a yield 

1 
increasing with metallicity ($16 = 0.0009 + 
0.6 XI6). The infall models coincide for log 
M,,,IM,,,,I smaller than - 1. Standard devi- 
ation errors ( 1 ~ )  presented for one object are 
typical for the sample; note that the vertical 
error is proportional to the oxygen abun- 
dance. 

0 
0 - 1 -2 

log Mgas I M  to t  

secondary production 
of nitrogen and a yield 
increasing with metal- 
licity. Observations 
of galactic and extra- 
galactic H I1 regions 
are schematically rep- 
resented by shaded 
areas. As in Fig. 4, 
curves are labeled by 
y. Accretion in- 
creases with y ,  defin- 
ing the region be- 
tween the curves 

Fig. 5. Graph of NIO 
versus OIH, assuming 

;fT1iIJ+' Galaxy 1365 M83 1 

I i I I I I I i I I 

/0.75 

, , , ,  , 
y = 0 and y = 1 as -2.0 1 1 I I 1 1 I I I I i I 
;he region. 8 9 

1 2 +  log O/H 
Lines of constant age 
are nearly horizontal in this diagram, with age increasing with NIO. Lines of constant gas 
fraction are nearly vertical, with M,a,IMt,,aI decreasing with OIH. Galaxies identified in the 
boxes are our own galaxy; spiral galaxies NGC 1365, M33, M83, and M101; and a group of 
irregular and blue compact galaxies designated Irr. 

mass of the galaxy that has been convert- 
ed into stars independently of the details 
of the birth rate function (28). This result 
holds as long as the time scale for gas 
consumption in the galaxy is much long- 
er than the lifetime of the stars that 
produce predominantly a given element; 
this is the instantaneous recycling ap- 
proximation (IRA). Such a simple model 
(closed plus IRA) results in abundances 
that increase logarithmically with the gas 
fraction MgasIMtotaI. All information 
about the contribution of individual stars 
is condensed in the "yield," which is the 
mass of the newly formed elements that 
stars eject to the interstellar medium in 
units of the mass that is never returned 
to it (mass permanently trapped in "rem- 
nants"). The yield is defined for a stellar 
generation and weighted by the initial 
mass function, and it depends only on 
the assumed stellar mass loss; that is, the 
amount and chemical composition. In a 
diagram of abundance versus the loga- 
rithm of the gas fraction, such as Fig. 4, 
the yield of a simple model corresponds 
to the slope of the galactic evolution line. 
Furthermore, the simple model predicts 
that if the yield is the same for all galax- 
ies, they should lie on a straight line in 
Fig. 4. 

Theoretical estimates of the yield of 
"heavy elements" (carbon and heavier) 
give values between 0.003 and 0.01 (2, 
26,27). The same range is obtained when 
simple models with a yield independent 
of metallicity are used to explain ob- 
served abundances and gas fractions in 
galactic and extragalactic H I1 regions; 
this is the "great success of the simple 
model." But although the order of mag- 
nitude of the heavy elements predicted 
by this model is correct, there are galax- 
ies with the same mass fraction and with 
different values for abundances of heavy 
elements (represented in Fig. 4 by the 
abundance of oxygen with respect to 
hydrogen). Therefore, unless we accept 
an arbitrary yield that varies from galaxy 
to galaxy, the simple model has to be 
dropped. Models with a yield indepen- 
dent of metallicity and infall of gas with 
primordial composition were proposed 
in order to solve this problem (29). Mod- 
els with infall can be characterized by 
the parameter y, the ratio of accretion to 
the rate of star formation. For example, 
if the model is closed, y = 0, and if infall 
(or accretion) exactly balances star for- 
mation so that the mass in the form of 
gas is constant, then y = 1. These IRA 
models with a yield independent of met- 
allicity are shown in Fig. 4 as dashed 
lines. In the case of the extreme infall 
model, y = 1, the oxygen abundance 
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quickly saturates to the value given by 
the yield (a horizontal line in Fig. 4) 

with respect to oxygen. Moreover, there The existence of a substantial infall rate 
are usually no strong gradients of NIO 
across disks of spiral galaxies, whereas 
OIH usually shows well-defined gradi- 
ents. This led to the suggestion that 

in galaxies is a subject of great contro- 
because an equilibrium is reached in 
which dilution due to accretion of pri- 
mordial material does not allow abun- 

versy, although recent observations 
have shown that it exists in both irregu- 
lar and spiral galaxies (36). 

A study of a sample of irregular galax- 
ies shows that there is no relation be- 
tween the mass gas fraction and the OIH 
abundance ratio. This also indicates that 
even if the Z value of a given galaxy is 
consistent with the closed model, the 

dances to increase. If galaxies diminish 
their gas fraction as the result of star 
formation, they should lie between the 

nitrogen is primary, so that each galaxy 
is represented by a horizontal line in Fig. 
5, and that there is a vertical spread in 
this figure caused by the effect of delays 
in the ejection of nitrogen (31). 

Since the oxygen content in a simple 

simple model (y = 0) and the extreme 
infall model (y = 1) in Fig. 4. Thus, by 
assuming different values of the ratio of 
infall to star formation rates, it would be 
possible to explain a range of OIH values 
at a given value of M,,,/Mt,,,I. 

However, as can be seen in Fig. 4, this 
permitted region does not agree with 
observations, since there is a much larg- 
er observed range of X l h  than constant- 
yield models predict for small gas frac- 
tions. To explain this fact it is necessary 

model (closed plus IRA) is determined 
by the gas fraction, the spread in Fig. 5 
requires a second physical parameter 
whose variation from galaxy to galaxy 
explains the dispersion in NIO at a given 
OIH. Such a second parameter is also 
needed to explain the variation of OIH, 

galaxies as a group are not; in addition, 
the observations are best explained by 
an infall model (37). Moreover, the con- 
stancy of the star formation rate deter- 
mined for isolated irregular galaxies can- 
not be explained by the simple model; an 
alternative explanation could be steady 
accretion from a bound gaseous halo or 
other types of accretion. Other explana- 

at NIO nearly constant, from place to 
place across the disks of spiral galaxies. 
It has been proposed that the spread in 
Fig. 5 is due to variations in (i) the initial 
mass function, (ii) the star formation 
rate, (iii) the history of the star formation 

for the yield to increase with the abun- 
dance of heavy elements. In Fig. 4, the 
variable yield presented ( p )  is an expres- 
sion of the form p = po + aZ (3). This in 
turn implies that galaxies with low OIH 
are more efficient in the formation of low 
mass stars (less than 1 Mo). These mod- 

tions are also possible (38). 
The suggestion that formation of low 

mass stars is more efficient in low-metal- 
licity environments is also controversial, 

rate, and (iv) the accretion rate. It has 
been found that Fig. 5 is best explained 
by models with accretion of uncontami- 

since a simple gravitational instability 
argument would suggest exactly the op- 
posite. Other theories, however, predict 

els are shown as continuous lines in Fig. 
4. In this case the simple model (y = 0) 
curves upward in contrast with closed 

nated gas, secondary nitrogen, and a 
yield increasing with OIH (32). Each of 
these three assumptions is necessary: 

that the relative number of low mass 
stars decreases with metallicity (39). A 
yield increasing with metallicity, as pro- 

models with a yield independent of met- 
allicity, which are straight lines. On the 
other hand, extreme infall models 

primary nitrogen would fill up the forbid- 
den region at high OIH and low NIO; 
closed models result in a too narrow 

posed, would produce a positive gradient 
in the observed mass-to-luminosity ratio 
in spiral galaxies and would be consist- 

(y = 1) are very similar in both cases. 
The high metallicity objects are better 
explained with a yield increasing with 
metallicitv. 

diagram; and, finally, a constant yield 
would not predict galaxies with high OIH 
at all. In these models a given galaxy has 

ent with a substantial amount of hidden 
mass in the form of low mass stars in 
galactic halos. 

the same age across its disk; OIH gradi- 
In the simple model, there is a clear 

distinction between primary and second- 
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Evolution of Proteolytic Enzymes 
Hans Neurath 

Complex molecules, such as  the pro- 
teins, are the products of evolutionary 
processes in which, according to Jacob 
( I ) ,  "constraints, at every level, specify 
the rules of the game and define what is 
possible with these systems; and histori- 
cal circumstances determine the actual 
course of events." Proteolytic enzymes, 

biological evolution proceeded from the 
relatively simple to the more complex 
levels of organization, one would expect 
that in the course of evolutionary devel- 
opment, the very proteases that original- 
ly served purely digestive functions have 
adapted to the more specific and com- 
plex tasks of physiological regulation (3). 

Summary. Proteolytic enzymes have many physiological functions, ranging from 
generalized protein digestion to more speciflc regulated processes such as the 
activation of zymogens, blood coagulation and the lysis of fibrin clots, the release of 
hormones and pharmacologically active peptides from precursor proteins, and the 
transport of secretory proteins across membranes. They are present in all forms of 
living organisms. Comparisons of amino acid sequences, three-dimensional struc- 
tures, and enzymatic reaction mechanisms of proteases indicate that there are 
distinct families of these proteins. Changes in molecular structure and function have 
accompanied the evolution of proteolytic enzymes and their inhibitors, each having 
relatively simple roles in primitive organisms and more diverse and more complex 
functions in higher organisms. 

or proteases, are enzymes that catalyze 
the cleavage of peptide bonds in other 
proteins. They are presumed to have 
arisen in the earliest phases of biological 
evolution since even the most primitive 
organisms must have required them for 
digestion and for the metabolism of their 
own proteins. In fact, present digestive 
proteases can be shown to have a com- 
mon ancestry with those of microbial 
origin, and they are considered to have 
originated some billion years ago (2). If 
one accepts the generally held view that 

In this process, they acquired a higher 
degree of specialization by restricting 
their action to a select number of peptide 
bonds located at  specific sites in specific 
protein substrates. Such limited proteol- 
ysis does not destroy the protein sub- 
strate altogether but modifies its proper- 
ties and physiological role. Many biolog- 
ical processes are regulated by this type 
of protease action, for example, blood 
coagulation and fibrinolysis, the release 
of protein hormones from precursor mol- 
ecules, the transport of secretory pro- 
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teins across membranes, the assembly of 
macromolecular structures such as  colla- 
gen fibers or certain viruses, fertiliza- 
tion, and the control of proteolytic diges- 
tion itself (3). In this article, I examine 
the changes in molecular structure that 
have accompanied the evolution of pro- 
teolytic enzymes from primitive orga- 
nisms, serving relatively primitive func- 
tions, to the diverse and more complex 
functions that they fulfill in higher orga- 
nisms including man. 

Proteolytic enzymes are not only a 
physiological necessity but also a poten- 
tial hazard, since, if uncontrolled, they 
can destroy the protein components of 
cells and tissues. Hence a discussion of 
protease evolution necessitates a consid- 
eration of the mechanisms whereby the 
action of proteolytic enzymes them- 
selves is regulated. Two principal regula- 
tory mechanisms, serving the same end, 
have been devised by nature: (i) activa- 
tion of inactive protease precursors (zy- 
mogens) by limited proteolysis (4) and 
(ii) inactivation of proteases by forming 
complexes with protein inhibitors (5). 
The physiological importance of both 
mechanisms has been demonstrated in 
certain disease states that are related to  
deficiencies of functional zymogens or 
protease inhibitors, respectively. For in- 
stance, several types of familial hemo- 
phi l ia~ are due to deficiencies of one or 
the other of plasma proteases that nor- 
mally activate zymogens in the blood 
coagulation cascade (6). In another case, 
familial emphysema, a genetic mutation 
in a,-inhibitor impairs its secretion from 
the liver, resulting in abnormally low 
plasma concentrations and consequently 
in destruction of connective tissue of the 
pulmonary alveoli by leukocyte elastase 
(3. 
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