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SUMMARY 

We report the statistical distributions ef size and charge in protein molecules 
in living systems. The data have been plotted from more than 500 entries. 57 y0 of the 
native proteins have molecular weights between 25,000 and 150,OClO daltons. In oligo- 
merit proteins, 7 1 oA of the subunits have molecular weights in the range 10,04&60,000. 
As for the subunit stoichiometry in oligomeric proteins, 50% of all the possible 
structures are dimeric, 30 oA tetrameric and S GA hexameric. More than one third of the 
proteins (38 “h have pl values within 1.5 pH unit @H 4.540). 70% of the total 
proteins have pl values below pH 7 and 30% above it_ On the basis of these data, 
guidelines are given for a purification strate_gy when using SDS-electrophoresis and 
isoekctric focusing. 

INTRODUCTION 

It is generally stated in the literature that “many proteins having molecular 
weights (MW) above 36,000 contain two or more polypeptide chainP or that 
“the great majority of proteins with molecular weights above 50,000 are composed 
of subunits rather than a single chain”‘. In regard to the charge of proteins, it is 
reported thas “most globular proteins have isoelectric points @I) between pH 4.5 
and 6.5”’ . However, we have been unable to find quantitative data on the distributions 
of size and charge of protein molecules in living systems, This might have heen due 
to the paucity of such data in the biochemical literature of past years- However, with 
the advent of gel filtration’, sodium dodecyl sulphate (SDS)-eIectrophoresis* and 
isoelectric focusing (IEF) ‘*‘, data on MWs, p1 values and quaternary structure of 
proteins have been rapidly accumulating_ A very comprehensive table on the subunit 
composition of proteins, listing more than 500 entries, has heen compiled by Damall 
and Klotz’. A similar table, listing protein p1 values, as determined by IEF, has been 
compiled by usa. We have used these &*a to calculate the distribution frequencies of 
MWs and pI values of proteins_ 



RESULTS AND DISCUSSiON 

M W diwibution of tmtire proteins 
Fig_ 1 lists a zotal of 530 MWsr_ Each bar in the graph spans 25,000 dahoons. 

In this distribution we have distinguished three peaks, each comprising three bars. By 
fas the largest peak, which indudes 40% of the proteins listed, occurs in the MW 
r;aCge 50,000-125,000. If we include in this group also the two neighbouring bars, we 
tid that 57% of the proteins have MWs between 25,oO and 15U,Uo daltons. The 
second peak, representing 18 % of the total proteins, appears in the MW range 
175,~2jO,OOO. A third peak, comprising 8 % of the total proteins, occurs in the 
MW range from 325,ooO to 40,OCKl daltons. 83 % of the total proteins fall into these 
three groups. We have noticed that, while the distribution is continuous throughout 
most of the MW range considered (the minimum in some bars being 0.2°/0) there are 
surprisingly, two mzjor gaps: one in the region 600,OQO-650,000 and another in the 
region 7ClO,OOO-77QXO. We don’t know whether there is any reason for this, or if it 
is onIy due to lack of data_ We stress also that, while the general distribution pattern 
holds true, the first bar (5OQ&25,0) is definitely underestimated, since this graph 
include only proteins having a quaternary structure. 

!Fig. 1. Size distriiution of native prottins. The relative perccnEIges have been cakul2tcd fram 530 
cr9ries_ Each bar sr+aDs 25,cKlo daltons. 



Qriaemm smcfztre 
: Fiat proteins geuer2Hy might be constituted of subunits seems to have &st 

been suggested by Svedberg9_ However, interest in the quaternary structure of proteins 
waS~m2inIy con6nece tu the re&im of physical biochemistry until it was real;zedxo-‘4 

‘that broad aspects of ceilular control mechanisms 2nd the regulation of enzyme 
activity might operate at the molecular level through interactions between subunits 
of oligomeric macromolecules. 

Fig- 2 gives the size distribution of subunits in oligomeric proteins. The total 
number of entries is still 530; each bar spans 10,000 daltons. It can be seen that 47% 
of the total polypeptide ch&s have MWs between 3O,tX!O 2nd 60,O d2ltons, 2nd 
that 71% of the subunits are in the range 10,000-60,000. Above 60,000 daitons there 
is 2 rapid decrease in frequency, until another small peak (7 oA of the total protein) is 
found centered around 100,000. We believe th2t this size distribution holds true not 
only for subunits of oligomeric proteins, but also, in general, for any polypeptide 

Sahouit q sferular stight xl@-’ 

Fii. 2. Size distribution of polypeptide chains in oligoxneric proteins_ The relative abumkmces has 
been d&ted from 530 erkcs. Each bar spans 10,000 daltons. ?%e insert continues the distribu- 
tion from iso,aoO to 300,000 daltons. All the chains above this vi3.k have been grouped in a single 
bar_ -ihe five bars From ao,oQQ to 60,ooo have been sugdivitted into groups oj’ %a2 daItons. 



chain made by living organisms. This same size distribution has been found, for 
instance, in chforoplast membrane proteiasU as well as in rat liver mitochondria116~17, 
microsomaF7 and rough and smooth endoplasmic reticulum1s membrane proteins. 
Perhaps one exception is the red ceti membrane, where two exccptionahy large chains 
(240,000 dahons) constitute 25 % of the total membrane proteins’9_ 

S&unit stoichiometry in oligomeric proteins 
The two most common models of subunit function and interaction, the con- 

cert& transition model (or symmetry, or all-or-none model) of Monod et aI_= and 
the sequential (or induced St) model of Koshland et al.‘*, have been described for 
tetrameric proteins. The same applies to older models by Adair” and Pauling”. Even 
though these models couId be modified to fit other subunit stoichiometries, it is of 
interest to know the frequencies of subunit combinations in oligomeric proteins. IUotz 
er al.=, using a pool of 110 entries, had already calculated that 40% of the oligomeric 
proteins exist as dimers uld 34% as tetramers- We have recalculated this distribution 
using their much larger set of data ‘.a_ As shown in Table I, the conclusions of these 
authors generally still hold true. Dimeric proteins represent 50% and tetrameric 
structures 30% of the total. The two combined amount to 80% of all the total 
possible stoichiometrics. Trimeric proteins comprise only 5% and pentameric 1% 
of the total. The next highest f_vuency is represented by hexamers (go/J. There is 
only one known protein with Seven and none with nine subunits. By far the largest 
bcdy is represented by proteins with an even number of sub-&nits (58 YJ. If we exclude 
compiex structures such as viruses, there are very few proteins with more than 12 
subunits (2% of the total). 

TABLE I 

SuBuNrr SToKxIoMETRIES iN OLiGOMERIC PROTEINS 

stit No. of proreins l&h 7;’ No. of profeins Gth %” 
IVO. given stoichiomerry’ given stoichiornetry” 

2 269 49-4 44 40 
3 27 5.0 6 5 

4 159 292 37 34 
5 6 1.1 2 1.8 
6 40 7.3 s 7.3 
7 1 0.2 - - 

8 14 t6 5 4.5 
9 _- - - - 

10 4 0.7 4 3.6 
12 13 2.4 4 3.6 
14 2 0.4 - - 
16 1 0.4 - - 
24 3 0.5 - - 
48 2 0.4 - - 
60 1 0.2 - - 

162 1 03 - - 

* c.akuIatcd from 2 toti of 530 szIeies_ 
** CakuIated from a totai of 110 enb+s (see rcf_ 22)_ 



Fig. 3 lists a total of 5@I entries from ref. 8. Each bzu in the graph spans 
0.5 pH units. It can be seem thae more than a third of the proths (38 "4 are gronped 
tviehin 1.5 pH units @ES 4.540). If we now consider all the proteins having pIv&xs 
belowpfl7and~osehaving~~rv~~~,weseethat70% ofthe proteinsappear 
in~efirseclasS~acidicproteins)and3O~~inthe seconddass(basicproteins).Thus 
it appears that all living systems have evolved in such a way as to have, at physiological 
pH, most of their proteins present and functioning in their anionic form. 

Fi. 3_ pI distribution of psoteins_ The graph lists 500 entries. Each bar spans 0.5 pH units, from 
pH 2 to pH 11. 

We wondered whether these data could be signi&zntly altered by using a 
larger number of entries. We have thus redrawn Fig. 3 by adding also the p1 values 
of minor isozyme components which had not originauy been t&en into consideration. 
Fig. 4 represents the p1 distribution caltiated from 800 entries. It Carl be seer; that, 
while the height of some of the bands is altered, the overall picture is still the same. 
Ln this case, 36 % of the proteins have p1 values in the pH region 4.56.0,71% of the 
proteins falling in the acidic group and 29% in the b&c group. 

The statistical data we have col&ted in the present work are not merely a 
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Fa 4_ pI dktriiution of proteins, as Fi. 3 but with 800 instead of 500 entries. 

biochemical curiosity, but may represent the starting point for optimizing the purifi- 
cation of macromolecuies. For instte, in the case of SDS-ekctrophorcsis, since 
most polypeptide chains (71%) have MWs in the low to medium range (10,000-60,000 
daltons), the best separations should be achieved by running experiments in concave 
eqxnential acryiamide gel gradients, which optimize resolution in this IMW range, 
rat&x &an in geIs of fixed acrylamide concentration OK in linear gel gradients. 

Even more dramatic is the case of separations performed by EF, since ca. 

4O”/d ofd possible phenotypes are crowded into a n&row portion of the pH gxadient, 
wkh spans only 1.5 pH units @H 456.0). At present, eight narrow Ampholine pH 
intervals are commercially available from LKB @E 2.54, 3%$4-6, 5-7,6-8,7-g, 
S-10 and 9-11). While thw narrow ranges are equally distributed along the pH 
scale, the proteins are not, since probably ca. 50% of all possible macromolecules 
will 5xu.s in only one of the eight narrow intervals, i.e., pH 4-6. Therefornz, in order 
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to maintain the same resolving power, the resohkon oft& narrow pH range should 
be increased by a factor of at Ieast fwe, cmxpred to other pH intervals, especially in 
the alkaline zone- This cuuld be achieved by synthesizing the tier amphoIytes so as 
to Exave a preponderance of acidic species in t&e synthetic mix&se- The pH4-6 
interval, tbus enriched, could then be subfractionated into four &rower pH intervals, 
each spanning Q pH unit, which could then be made commercially avaikzbfe to the 
scienac community- Indeed, there are hints that things are moving in this direction. 
Thus CharIionet et ai.= have recently described a method for the synthesis of highly 
diversified carrier ampholytes, which can be subfractionated in the pK 4-6 region in 
very narrow pM cuts, esxor~ing only 0.6 pH units (pH4.3-49) or as Little as 
0.3 pH Units (ppH 4-4-M)- Pn presence of these very shallow pH gradients the resolving 
power could be increased from the limit of 0.02 units (ii p1 differences between two 
proteins) as described by V&e&erg and Svensson *(, to as little as 0.001 pH units, 
an amazing twenty fold increase in resoiution_ Even though these concepts were 
applied to the very difficult spar&ion of cr,-antitxypsin phenotypes, they bold generally 
true for a?l separations in the acidic pH range, as we have recently demonstrated aIso 
in the case of LEF of peptidePs26- 

Finally, it should be stated that the present-day practice of characterizing a 
new protein simply by MW and pl in a two-dimensionaI macromolecular map (for a 
review see ref. 27) may not be completely reliable- In fact, in the light of our data 
(see Figs. 2 and 3), it can be &eiy concluded tba~ in the case of pIdeterminations, a 
p1 value can unequivocaliy be assigned to a given protein only if it is accurate to at 
least the third decimal place. Even with the most sensitive pH meters presently 
available, it is doubtful whether the second decimal place in a rending bas any 
statistical significance. Moreover, the p1 values given in the literatures are already 

uncertzsin in the first decimal place, due to persistent “malpractice” in the field 
(focusing at 4”, pH readings at 20-24O, data uncorrected for the presence of urea or 
other disagg-regating agents, non-attainment of equilibrium conditions). 
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