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I. Introduction

Classicalprotein fractionationmethodshavebeen appliedwith greatsuccess
to the isolation andcharacterizationof plasmaproteins,with the result, man-
ifested in this and previouseditions of volumes in this treatise,that plasma
representsthe most completelydescribedcollection of animal proteins. Nev-
ertheless,there are importantlimitations to the conventionalmethodsfor frac-
tionating suchmixtures:first, it is difficult to establishthat all proteinspresentat
or abovecertainabundancelimits are indeedbeing separatedanddetected,and
second,it is difficult to observeandquantitateall of the proteins(including
possiblenovel polypeptides)in a samplesimultaneously(i.e., to characterizea
samplecompletely).Thesedifficulties are analogousto the problemsencoun-
teredearlierin this centuryin inorganicanalysis,wheretheywerelargely solved
by the introduction of global analytical techniques(e.g., mass spectrometry)
capableof resolvinganddirectlydetectingall, or alargenumber,of the possible
substancespresent.Theonly techniquepresentlyavailablewith sufficientresolu-
tion to fill a similar role in protein biochemistry is two-dimensionalpoly-
acrylamidegel electrophoresisperformedunder denaturingconditions. In this
chapter,we haveattemptedto bring togetherthe resultsobtainedto datein the
applicationof the techniqueto plasma proteins, and to provide an updated
referencemap for use in future investigations.

Two-dimensionalpolyacrylamidegel electrophoresis,basedprincipallyon the
methodof O’Farrell (1975), hasbeendescribedelsewherein considerabledetail
(N. L. Andersonand Anderson, 1977, 1978; N. G. AndersonandAnderson,
1978). It involves, in the first dimension,a separationby isoelectricfocusingin
gel rodscontaining9 M ureaand2%NonidetP-40(a nonionicdetergent),andin
the second(subsequent)dimension, a perpendicularseparationin acrylamide
gradient slab gels containingsodiumdodecyl sulfate (SDS). Proteinsare thus
separatedfirst by isoelectric point (determinedby chemical composition),and
secondby polypeptidelength (roughly equalto subunitmolecularmass).These
two propertiesare effectively uncorrelated;therefore,proteinsare spreadfairly
uniformly over the resulting two-dimensionalpattern. The use of denaturing
conditionsin both dimensionsis required in order to obtain high resolution: a
singlechargedifferenceproducesa muchgreatershift in the p1 of asmallprotein
(or subunit)than a largeone (or oligomer), andsmalldifferencesin polypeptide
length are likewise more easilydetectedby examinationof individual polypep-
tides ratherthan assembledoligomers.Denaturationalso lessensthe likelihood
of proteolysisduring analysis.Although the denaturingconditionsusedmakeit
generallyimpossibleto assaybiological activitiesaftersuchan analysis,specific
antibodiesareneverthelessableto recognizeappropriateproteinsafterseparation
(as describedfurther). The principal purposeof the techniqueis to provide as
completean inventory as possibleof the polypeptidesin a mixture and thus to
createprotein catalogs(N. G. AndersonandAnderson, 1979, 1982).
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Other types of two-dimensionalelectrophoretictechniqueshavebeenapplied
to the plasmaproteins,including nondenaturingsystems(isoelectricfocusingof
nativeproteins followed by pore-gradientelectrophoresis,Emes et al., 1975;
Manabe et al., 1979, 1981; Felgenhauerand Hagedorn, 1980) and immu-
noelectrophoresis(which dependson theuseof specific antibody for detection,
Laurell, 1965). Thesemethodsare superiorfor the investigationof polypeptide
associations,but are not as suitable for generatingcatalogsof protein gene
productsbecauseof their limited resolution.Therefore,suchalternativemethods
arenot included in this chapter;resultspresentedhereweregenerallyobtained
with the high-resolutiontwo-dimensional(O’Farrell-type)electrophoresis.

II. Two-Dimensional Map of Plasma Proteins

The first high-resolutiontwo-dimensionalanalysesof plasmaproteins were
undertakenin 1976, with the aim of demonstratingthe usefulnessof comprehen-
sive mapsof knownproteinsin the searchfor geneticvariants(N. L. Anderson
and Anderson,1977). At that time, the bestproteindetectionmethodavailable
for nonradiolabeledproteinswas stainingwith CoomassieBrillant Blue, a pro-
cedurecapableof revealingaspotcontaining50 ng of a transferrinstandard(N.
L. Anderson, unpublished).Severalhundred spots were detected, and these
appearedto fall into 50—100 groups.A provisionalstandardmapderivedfrom
such a CoomassieBlue-stainedpattern servedas the basis of plasmaprotein
identification as the numberof identified polypeptidesincreasedfrom about30
(N. L. AndersonandAnderson, 1977)to 38 (N. L. Andersonetal., 1982). The
recentlydevelopedsilver stains(Switzer ci al., 1979; Sammonsci al., 1981)
allow much moresensitivedetectionof proteinsthandoesCoomassieBlue, and
hencemakepossiblean improved version of the standardmapcontaining ap-
proximately twice as many spots(646 in the presentmap; Figs. 1—10). Sucha
mapis createdusinga computerizedimage-analysissystemto mergedatafrom a
seriesof gels containingvarioustotal loadsof plasmaand serumproteinsfrom a
variety of individuals, so that mostprominentpolymorphicforms and proteins
specific to both plasmaandserumare represented.Abundant proteinsare ob-
servedand locatedon low-loadinggels (0.5 pA of a sampleof plasmaor serum
diluted 1 + 3 with the SDS—Chesmix describedin the legendof Fig. 1), andless
abundantpolypeptidesare detectedin unobscuredregionsof high-loadinggels
(10—20 R1 sample;Fig. 1B). Thesespot patternsare combinedin a coordinate
systemderived from a low-loading gel so that the pH gradient is more nearly
linear (lessdistortedby appliedprotein).A computerrepresentationof thewhole
combined pattern is shown in Fig. 2. Isoelectric point and molecularmass
standards(N. L, Andersonand Hickman, 1979; Giometti et al., 1980) are used
to provideinternalmarkersof theseparameters,not subjectto errors in systemat-
ic measurement(pH measurement)or gel-to-gelcomparison.Isoelectricpoint
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standardsused here(shownalong the bottom inside edgeof eachpanel) were
obtainedby sequentialcarbamylationof rabbit musclecreatinephosphokinase;
the zeroposition indicatesthe p1 of the unmodifiedenzyme,andeachsequential
leftward (acidic) shift representsthe blocking of oneadditional lysine charge.
Molecular massstandardization(Fig. 11) wasachievedby usinga cubic poly-
nomial fit of known molecularmassversusSDS electrophoreticposition for 21
plasmaproteins andaddedrabbit muscle myosin (as a high-molecular-weight
marker). The approximateSDS molecularmassscaleobtainedis plotted along
the inside left margin of eachpanelin kilodaltons. Figures3—6 are expanded
representationsof quadrants1—4 of the wholepatternin Fig. 2, including identi-
ficationsdiscussedin Section1I,A. Figures 7—10 show the samefour panelsin
which all protein spotsare identified by masterspot numbersfor reference.

A. Identification of Known Proteins

A varietyof methodsexistsfor the identificationof knownproteinsin thetwo-
dimensionalpattern,andfor mostof the plasmaproteinsmore than onemethod
hasbeenused(Table I). The most direct approachis the co-electrophoresisof a
purified protein with a small amount of serum or plasma to locate the pure
protein spots with respectto the most abundantproteins(N. L. Andersonand
Anderson, 1977). Immunological methods constitutea secondtype of direct
approach,andare of particularvalue with regardto plasmaproteinsbecauseof
the availability of awide varietyof antibodies.The useof denaturingconditions
throughoutthe analyticalsystemleadsto completedissociationof antigen—anti-
body complexes,and has allowed the direct analysis of immunoprecipitates

Fig. 1. Two-dimensionalgel electrophoresispatternsof humanplasma. Samples(1.0 p.1 for
panelA; 10 p.1 for panelB) consistedof I partof EDTA plasma(plateletsremoved)and3 partsSDS—
CUES [2% sodium dodecyl sulfate (SDS), 1% dithiothreitol, 10% glycerol, 50 mM cyclohex-
ylaminoethanesulfonicacid (CUES)bufferp1-I 9.5 in water]. Analysis wasperformedessentiallyas
describedin N. 0. AndersonandAnderson(1978)andN. L. AndersonandAnderson(1978)except
as noted. First dimensionfocusinggels were 9.5 incheslong andcontaineda 1:1 mixture of Serva
andPharmaciawide-rangeampholytes.Focusingwasallowed to proceedfor 25,000V-hr, andthen
the focusingrodswere frozen in SDS equilibrationbuffer. Seconddimensiongelswere 8 )< 10 inch
slabs 1.5 mm thick containingan 8—18%linearacrylamidegradient,andwere preparedindividually
by a sequentialrobotcasting 10—30 gelsper run. Gels were fixed with sulfosalicylicacid andwere
silverstainedtwice by amodificationof themethodof Guevaraer al. (1982). Patternswererecorded
by contactprinting on Kodak XRD direct duplicatingfilm by the methodof Harrison(1983). The
lower loading (A) shows major spotsmore clearly (and has anoverall geometryless distorted by
proteinoverloading),whilemanyminor spotsareonly detectableusingthehigherloading (B). Other
loadingsrangingfrom 0.5 to 20.0p.1 of both plasmaandserumwere rununder thesameconditions.
Low-loading (0.5 p.1) gels with creatinephosphokinase(CK) chargestandards(N. L. Andersonand
Hickman, 1979)wereusedto determinep1 calibration.Gels areshownwith acidto the leftandhigh

SDS molecularweight at the top in accordancewith standardconvention.
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Fig. 2. Computer-generatedplot of acompositeplasma—serumpattern.TheTYCHO system(N.
L. Andersoneta!., 1981)wasusedto analyzeXRD film copiesof gelsranging from0.5 p.1 to 10 p.1
loadingsof both serumandplasma.The resultswere mergedin a coordinatesystemderivedfrom a
gel containing0.5 p.1 plasmaandCK chargestandards,then edited. Spotsare plotted with x andy
widths equal to respectiveGaussianhalf-width spot parameters,and with a numberof contours
representativeof thevolume(integratedamount)of thespot.Scalesoutside thebox indicatedistances
on thebasegel in centimeters.Scalesinsideshowpositionof CK chargestandards(in .v, thefocusing
dimension)andapproximateSDS molecularmass(alongy) asderivedfrom the curveshownin Fig.
II. As in subsequentschematicfigures, probablevaluesor identificationsarelabeledin italic type (as
is SDS molecularmasshere),and surevalues(physicallyderived)or identificationsare labeledin
romantype. The four quadrantsshownareenlargedin subsequentfigures to makelabelslegible.



4/Two-Dimensional Electrophoresis of Plasma Proteins 227

Ceruloplasmia
0 ooo0&:*.I1~I

ce ~
MIt

~ o8-g!yeoprotein0~
In a—iL,

preparedby mixing humanserumwith appropriateantisera(N. L. Andersonand
Anderson, 1977). A secondtypeof immunologicalapproachmakesuseof the
fact thatproteinscanbe electrophoreticallytransferredfrom thetwo-dimensional
gel ontoan opposedsheetof nitrocellulose,wherethey bind noncovalentlyin a
replicaof the two-dimensionalpatternproducedin the gel. Theseproteins,now
exposedon the surface of a nitrocellulose sheet, can react with appropriate
antisera,with any bound antibodysubsequentlyrevealedby radiochemicalor

o.~FLtI

CEISI

-ISO

-120

100

4

—70

-10

-50

1

Cts iuaclivator

O

‘ISIS
a~-Antickyowlrypsin C Q

0 0
00

~4±t~ ~-AotitrgPsin
0 C 0 oEzlended~ychaino~

Ff520

0

_~_. O_~_.
040000

0~—cL~_
0 0 ‘~~0 0 o • pin Aetia~ 010_________________ - n_~e, ‘-.-‘ --4 4 4 -I I I~ - 2 5 4 5 I 7 I

Fig. 3. Identificationof proteinsin quadrantI of theplasmaproteinmap.Axes arelabeledas in
Fig. 2. Groupsof spotsareconnectedon the basisof commonidentificationor probablerelationship
(basedon useof characterizationmethodsdescribedin the text). An as yet unidentifiedprominent
plasmaor serumprotein is indicatedby PLS:n.



228 N. Leigh Anderson Ct a!.

0

0 9
~ Oo IS

0

enzyme-linkedsecond-antibodymethods(Towbin et al., 1979; N. L. Anderson
et a!., 1982). Studiesusing a panelof 26 polyclonal rabbit antiserato plasma
proteins showedthat 95% of the antiserastain the appropriateprotein spots on
nitrocellulose transfersof plasmaproteins despitethe fact that all oligomeric
structureshavebeendisruptedandthat the proteinshavebeendenaturedin SDS
(N. L. Andersonet al,, 1982). Studies using mousemonoclonalantibodies
appear much less successful;results indicate that not all (or perhapseven a
majority) of the determinantspresenton the undenaturedproteins survive the
two-dimensionalprocedure.The greatheterogeneityof the polyclonal response

Oo
?5520

a,-Acid glycoproleia

0

0
0

o~~

0
igi chain

0

0

0

0

0

0

ApoC lipoproteins

Apo~—i!I—2 Apo C—Ill--I
00

2 -~ -~ .44 -~ -~ -24 -‘3 -W -II

~----~.——n —a —2 —l S 2 S I S

ApoC—!/ ft
Apo A—li iIaOproleiS

0

Fig. 4. Identification of proteinsin quadrant2.



4/Two-Dimensional Electrophoresis of Plasma Proteins 229

3
oPL$:3

I-? ~ C

p

0

200 0-~~ [~yosinl

164 P55:4
IS.

- 140 0-Iectogl*ziin

II -
1tern]oplasmia

/ &04 -oo°~n°?
0ff0000 ~ °~-°--0POST Plasnainogen

100 C -~0c0_--_-
C3 ~ O~<~QtO0_0tys

°~—00~-0-oP14:4 ~ -. 0~0
~* 0_OPISII

-*0p131 — I T/ Tr~lerrin

a-giycoprotcit‘~ 0 his chains~~0go 000St4ov ~ _____

044 ~ “~Prothrombin - ____

P55_IS t ~
0t5525

00 O,aL

00 -

~—cpasiI henaopexi~%2~2’ ° ~ Go ‘t$j~~j4ç1_0
Fibrinogen a chainP5530Albunua 0000 ~ 0

‘aAP-glpcoprotein 00 00 —

COo ~
o 0 •—~~Antithrowbin III 0 ~ ~, 4aFbninoten chain

Cc giobch 0 flooO~o ~~co •
°O—to o ~ ~ ~ 0

~ ~ chains-~-~-~--~~
1~d~7cMin 000 0 oc 0 a

PIJJ

PinAclinO 00 0000 b~%)0 00
—It 44 —0 —I2°0 4 4 _4 —~

~ ~_ - - I I ___________
I S 0 II Il ‘3 II 2$ It I? Ii IS
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standardization;it wasnot observedin plasma.

leading to generationof classical antiseramay thereforebe important to the
successof identification by the transfermethod.

Use of these methodshas allowed the identification of 40 gene products
commonlyobservedin two-dimensionalanalysesof plasma(TablelandFigs. 3—
6). Essentiallyall major plasmaconstituentsand the most abundantleakage
productsof red cells (Hb) andplatelets (actin) have been found. In addition,
polypeptideforms of nonstandardchain length (propeptideor cleavedforms)
have been found for a variety of proteins, including transferrin, haptoglobin,
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Fig, 6. Identification of proteinsin quadrant4.

ceruloplasmin,a21-IS-glycoprotein,plasminogen,the fibrinogen -y chain, and
apoA-I lipoprotein. Theseproteolyticprocessingeventsare describedin greater
detail in Section III.

A variety of other methods exists for identifying groups of protein spots
possessingcertain characteristicscapableof suggestingor strengtheningindi-
vidual identifications. Among the most direct is the comparisonof p!asmaand
serumsamplesfrom the sameindividual (Fig. 12 andTracy etal., 1982a,Fig.
8). The moststriking differencesarethe disappearancein serumof prothrombin
and the fibrinogen a, ~3,and -y chains,as expecteddue to the cleavageof the
former into active thrombin andthe incorporationof the latter into the clot. The
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spots identified by Fergusonet a!. (1981) and Kuyas eta!. (1982) as an ‘tex-
tended” form of the fibrinogen y chain also disappear,confirming that these
chainsareincorporatedinto the clot with substantialefficiencies(Franciseta!.,
1980). This extended(‘y or ‘YB or ‘yv) chainhasbeenreportedto accountfor 15
16% of circulating‘y chainandto havea C-terminalextensionof 2—3 kilodaltons
(SDS)(Wolfenstein-TodelandMossesson,1980;Franciseta!., 1980). Only one
majorunidentifiedprotein is removedby clotting: PLS:8, a presumedglycopro-
teinof about92 kilodaltons(SDS).Thestudiesof Teige Ct al. (1983)suggestthat
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generatedby clotting and remain in the serum.These include labeledproteins
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562 (whichcanbedetectedin plasma,but at levelsmuchlower thanin serum).A
systematicanalysisof the solubilizableproteins presentin the clot hasnot yet
beencarriedout; early work showedgreatheterogeneity,perhapsdueto amix-
tureof proteolysisandtranspeptidaseproducts.A furtherexampleof the removal
of specific spotsis the actionof addedurokinasein removingtwo trainsof spots
subsequentlyidentified as the Lys andGlu forms of plasminogen(Fig. 5).
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Various plasmafractionation methods have also formed the basis of some
identifications.High- and low-densitylipoprotein samplesisolatedon the basis
of buoyantdensityhavebeenanalyzedandshownto ContainprimarilyapoA-I +
apoA-II andapoE+ apoC,respectively(N. L. Andersonand Anderson,1977).
The apoB lipoprotein is apparentlytoo largeandtoo hydrophobicto be resolved
on two-dimensionalgels of this type. The fraction of proteins adhering to
Sepharose-boundstaphylococcalproteinA (Pearsonand Anderson, 1980; N. L.
Anderson,198Ia) hasconfirmedthe locationof variousimmunoglobulinchains,
as describedin SectionV. Developmental,genetic,andpathologicstatesprovide
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importantinformationcharacteristicof the majorproteinabnormalitiesobserved.
Thus, all haptoglobinchains are missing from cord blood serumand from the
serumof ahaptoglobinemicadults. The abundantclonal immunoglobulinspro-
ducedin humanmyelomashaveallowedidentification of the majorheavy-chain
types,including thosenot normally visible on plasmaor serumpatterns(Jellum
andThorsrud, 1982; Tracyeta!.- l982b; SectionV). Abundantmuscleproteins,
such as creatinekinease,have been observedin two-dimensionalpatternsof
serumfrom crush-syndromepatients (Tracy and Young, 1984).

A few proteinsshow anexaggeratedsensitivityto preciseconditionsof separa-
tion in the two-dimensionalsystem,and may thus appearat positions slightly
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different from thoseshownon standardpatterns.Theseinclude antithrombin111
(which sometimeslies over the middle and sometimesnearerthe right-handGc-
globulin spot),a1-antitrypsin(which canvary in apparentSDS molecularmass,
lying above, alongside,or below Gc-globulin), andprothrombinand CIs inhib-
itor (neitherof which focuswell, andmay thereforeappearat variablep1 values).
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TABLE I

Identification of Known Proteins in the Two-Dimensional Patterns

Molecular

mass Numher
(kilodaltons) of identification Pure

Protein Quadrant .r s (51)5) Charge standard spots references protein Ab Other comments

I. ApoA II lipoprosein 2 4.9 0.6 <tO —27.0 I I. V

2 4.1 0.9 <tO
2 3.0 1,2 <10
4 10,9 1.9 12.8
4 8.3 1.8 12.4
4 16.5 2.2 14,0

35’
—30.5
—33,7, <

—11.7
—17.8
>0.

V

4 10.0 2.4 4.6 —13.7
4 10.7 3.3 18.5 —12.0
4 8.8 4.2 21.9 —16.7
2 2.3 4.6 23.7 <—35.

C-Ill I and 2 differ by glycosylation
J xfer, imp a15 and ~ on basis of sequence
J xfer, imp e~5and a15 on basis of sequence

Abundance in red cell lysate. M,,
chain more basic, presence in com-
plex with haptoglobin

J imp, xfer

I imp, xfcr
1 xfer

xfer

2 l,Il,IV
‘—S I, ii, IV

2 Present work
2 II

4 I,IV,V
V

Many I, II

I, ii

2 Present work

protein (LDL)
I imp, xfer Subunit molecular weight
J imp, sler Reproduces HpII microlseterogencity at

actin



9. Fibrinogen ‘y chain
19a. Extended (ibrinogcn ‘y chain
20. n,HS-gtycoprolein
21. Ig’y chains

imp, xfer Mr of subunit, removal by clotting

,/ imp, xfer
imp, xfer Presence in protein A-birxling fraction,

molecular weight
22. a

1-Antilrypsin
23. Oc-globulin

24. Fibrinogen 3 chain
25. Antithmmbin tn
26. a1-Antichymottypsin
27. a1-AP-glycoprotein

28. Albumin
29, Hemopexin
30. Fibrinogen a chain
31. a1B-glycoprotein
32. Transferrin
32a. Protransferrin

33. Prothrombin
34. Ig~schains
35. CIs
36. CIs inacüvator
37. C) proaclivator
38. Plasminogen

39. Cemloplasmin
40. a,-Macroglobulin

54.8 —1.7
57.3 —17.2
59.2 —32,7

60.7 —16.0
3 10.8 10,8 65.9 —11,9
3 10.0 10.8 65.3 — 3,7
3 17,3 0.9 66.6 >0.

7,9 tl,4 72.4 —19.1
3 14.0 12.5 74.2 —4.2
3 13,2 11.8 77.5 —5,8

8.9 11,6 75.! —16.4
12.2 11.6
5.0 2.0
3,5 2.7

12.9 12.7
15.4 13.2

molecular mass
imp Removal by clotting

Myelomas

I’)
Co
-‘-1

° Positions of the main form of each protein are given in tents ofx andy (in centimelers referred to the masler gel coordinate system) and in tcnns ofSDS molecular mass (derived from the curve ofF’tg. II) and creatine
phosphokinase charge standards (p/ slandards described in Anderson and Hickman, 1979). These values correspond to the scales oulside (x andy) and inside (51)5 molecular mast and pI) the plots (Figs. 2—10).
Publications reporting identification of the proteins and an indicalion ofwhether putt proteins or antibody methods (xfer, staining ofnitrocellulose transfers; imp, immunoprecipitate) wete used are listed. Other bates for
identification are listed as comments. Pure proteins used to identify retinol-binding protein and Zn-a,-glycoprotein were kindly provided by the Behringwerke. Common references are (I) N. L. Anderson and Anderson
(1977), (II) N. L. Anderson et rat. (1982), (III) N. L. Anderson and Anderson (1979), (IV) Goldman eta!. (1980), (V) Zannit era!. (!

982a).

3 9.9 9.0 49.4 —13.8
7.7 9.3 51.7 —19,6
3.7 9.3 51,6 —32.1 —14 I, II, III

13.1 9.3 51.7 —6.1 Many t. It

—6 I (mislabeled in ref.), II, IV
3 Kuyas ~t rat (1982), IV

7.1 9.5 53.2 —21.3
3 8.7 9.5 53.7 —17.1

3 15.1 9.7
3 8.6 10,0

3.4 0.2
3 9.0 10.3

—9 LIV
3 III

1, Ii—5

2
—IS

I imp, xfcr
/ imp. xfer

I. II, IV I imp, sfer
I imp

‘-3 II imp

Observation of (he two known genetic

Several
—8

—12

forms
imp M, of subunit, removal by clotting

I, Ii, tV
I, It
I (mislabeled in ref.), II

3 I
—8 I, II, III, IV
—2 I, III

— II

/ xfer
1 imp, xfer

imp
I imp. xfer
I imp, xfer
1 imp, sfer

Abundance in plasma

Mr of subunit, removal by clotting

Reproduces Tf nnieropaltem at higher

3 75.1 —8.5 Many
I 80.7 —26.7
I 91,3 —32.5
3 91.3 —6.6 —6 I, IV I imp
3 99.4 0.9 —17 I. II imp, xfer

I 8.4 14.2 - 124,3 —17.6 —12 I, II, IV J imp, xfer
3 9.5 15.1 53.3 —14.7 —10 I I imp

3 II xfer
— It sfer

Removal by urokinase; Glu and Lys
forms inferred from known size and
p1 differences
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Fig. 12, Comparisonof plasma(A) and serum(B) from the sameindividual. Samplesof ~ pA
were analyzedas describedin the legendto Fig. I. Six major polypeptides[fibrinogen cc (Fcc), ~3
(F~),-y (F’y), “extended” y (EF’y), prothrombin (Pr), and unknown glycoprotein PLS:8 (P8)j
disappearedfollowing clotting. Four polypeptidesappeared[PLS:35(P35), PLS:36 (P36), andspot
Nos. 525 and 5621. The vast majority of spots wascompletelyunaffected.
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B. Characterization of Unidentified Proteins

Although thetwo-dimensionalmethodwas initially conceivedas a straightfor-
ward analytical- approachfor quantitatingprotein abundances,it has more re-
centlybeenexpandedby the introductionof ancillary techniquesfor differential
characterizationof proteinspotsen masse.Theseincludedeterminationof partial
amino acid compositions,thermostabilities,kinetics of synthesis,modification
andcatabolism,andregulationalcontrol (N. L. Anderson,1981b).To date,only
a limited numberof such techniqueshavebeenapplied to the plasmaproteins;
however,sometantalizing informationhasbeenobtained.

Proteinscanbe radioactivelylabeledpostsyntheticallyon cysteineresiduesby
reactionswith [‘4C]iodoacetamide(IAm*, eitherwith or without prior reduction
of disulfide bonds, Fig. 13). Sensitivity is roughly comparableto thatobtained
with CoomassieBlue stainingif fluorographyis usedfor detectionof incorporat-
ed ‘4C. Whenplasmaproteinsarereducedandthenalkylatedwith IAm*, most
proteins are strongly labeled (Fig. 13A). Exceptionsare apoA-I lipoprotein
(which is known to containno cysteineresiduesand is completelyunlabeled),
unidentified protein PLS:31 (which also appearsto lack cysteinecompletely),
a

1-antichymotrypsin,and a1-antitrypsin (which is known to contain “hyper-

Fig. 13. Sectionsof two-dimensionalplasmaprotein patterns.(A) Mercaptoethanol~reduced,
SDS-denaturedplasmaafter lyophilization andreactionwith [

14C]iodoacetamide(fluorograph);(B)
unreduced,undenaturedplasmareactedwith [‘4Cliodoacetamide(fluorographshowing ‘reactive’’
suithydnyls); (C) Schiff stain for carbohydrate(photograph);(0) CoomassieBlue stain for total
protein(photograph).cc

0-Antitrypsin is indicatedby AT, lip is thehaptoglobinj3 chain,Al is apoA-l
lipoprotein, HS is a2HS-glycoprotein,P is PLS:31, andA is albumin.

A~.t ~
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reactive”cysteines,perhapssusceptibleto preferentialair oxidationduring label
addition). However, if IAm* is addedto plasmaproteinswithout prior disulfide
reduction,a1-antitrypsinis stronglylabeled(Fig. 13B), and,with albumin,takes
up the bulk of the label. Theseresultsconfirm that thesetwo proteinsbearmost
of the “reactive” sulfhydryl groupsof plasma.Severalotherminor proteins,as
yet unidentified in the standardmap, also havehigh relative incorporationin
unreducedsamples. -

Although the determinationof glycoproteincarbohydratecontentby staining
gelswith the Schiff reagenthasbeenattempted(Fig. 13C), resultsare generally
poor. Spectacular,but unfortunatelyirreproducible,negativelystained patterns
havebeenproducedusing modified Schiff proceduresin which proteins were
detectedwith asensitivitycomparableto thesilver stain (NLA, unpublished).In
general,afar superiortechniquehasbeenthesequentialreactionof plasmaprotein
nitrocellulosetransferswith concanavalinA (Con A), antibodyto Con A, and
finally, aperoxidase-linkedsecondantibody(N. L. Andersonetal., 1982).This
procedurecan reproducibly detectglycoproteinsat levels near or below the
sensitivityof CoomassieBlue, andoffers the possibilityof differentially charac-
terizing glycoproteincarbohydratesby using various lectins. Unidentifiedpro-
teins found to bind substantial amounts of Con A (and thus containing
glucose/mannosecarbohydrate)are listed in Table II.

The developmentof a color versionof the silver stain by Sammonset al.
(1981) hasmadepossiblethe characterizationof proteinsby a new, althoughas
yet poorly understood,parameter.In this system,it appearsthat someoverall
aspectof proteinstructuredeterminessilvergrain size(andhencecolor) in a way
that cannotbe explainedsimply in termsof carbohydrateor sulfbydryl contentor
hydrophobicity(D. W. Sammons,personalcommunication).Nevertheless,indi-
vidual proteinsoften display reproduciblydistinct colors that distinguishthem
from neighboring,perhapsinterpenetrating,seriesof spots(Figs. 14 and 15). In
the caseof knownproteins, similar allelic forms (e.g., Gc-globulintypes I and
2) stain the same color, as do the various carbohydrate-differingvariantsof
major glycoproteins.Proteins that are quite similar, yet differ in a numberof
aminoacids,sometimesyield ratherdifferent colors;the ic andX immunoglobu-
lin light chains,for instance,oftencanbedistinguishedon the basisof color. The
colorsilver stain hasthusbeena major factor in ourattemptto deducetheproper
relationshipsbetweenseriesof unidentified spots.

C. Analysis of Plasma Sub fractions and Trace Components

Of course, there are many ways to fractionate plasmafor subsequenttwo-
dimensionalanalysis, including ion-exchangeand size-exclusionchromatogra-
phy, affinity techniques(seeSectionV,B), ammoniumsulfate precipitation,and
the classicalalcohol precipitationmethods.Dependingon the method of frac-
tionation, specific and/or trace plasmacomponentsmay be concentratedand
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Molecular
mass

(kilodaltons)
Protein x y (SDS) p1 Comments

Strong Con A binding

Con A binding
Con A binding

Removedby clotting,Con A binding, may be
dimer of fibrinogen ‘y-chains

Con A binding, possibly C4ct

Con A binding

PLS:l 8.0 16.4 >200. —18.7
PLS:2 8.8 15.9 >200. 16.6

PLS:3 18.0 17.1 >200. >0.
PLS:4 11.0 15.2 161.1 —11.4
PLS:5 10.3 13.7 109.9 —12.9
PLS:6 9.3 13.6 107.8 —15.3
PLS:7 12.7 13.7 110.2 —7.1
PLS:8 9.8 12.8 91.9 —14.1

PLS:9 9.9 12.2 83.3 —14.0
PLS:l0 7.2 12.6 90.1 —21.0
PLS:Ii 7.3 12.4 86.3 —20.7
PLS:12 6.4 12.2 82,7 —23.4
PLS:13 3.0 12.3 84.0 33.8
PLS:14 5.7 11.4 72.3 —25.4
PLS:lS 5.2 10.8 66.0 —26.5
PLS:l6 6.0 10.7 65.5 —24.3
PLS:17 5.3 10.4 61.1 —26.1
PLS:l8 7.7 - 10.7 64.5
PLS:19 7.7 10.9 66.6
PLS:20 11.8 12.3 84.0
PLS:21 11.6 12.2 82.5
PLS:22 15.2 11.8 77.2
PLS:23 15.4 11.5 73.6
PLS:24 15.6 11.0 67.9
PLS:25 12.0 11.1 69.1
PLS:26 6.3 10.2 59.2
PLS:27 2.2 8.6 46.4 <—35.
PLS:28 —0.7 8.5 45.8 <—35.
PLS;29 6.5 7.0 35.8
PLS:30 6.1 7.3 37.4
PLS:31 7.6 8.! 42.8

PLS:32 7.3 6. I 30.8
PLS:33 4.1 5.3 26.9
PLS:34 16.3 8.6 46.0 >0.
PLS:35 14.8 10.2 59.5 —2.3
PLS:36 7.! 8.8 48.0 —21.2
PLS:37 16.7 7.5 38,8 >0.
PLS:38 9.4 5.1 26.2 —15.0
PLS:39 6.2 11.3 70.9 —23.9

—19.6 Con A binding

—19.5
—9.5

—10.2
—1.4
—1.2 Silver stainsred
—0.5 PossiblyC313
—8.9

—23.7 Possiblythyroxine-bindingglobulin

—22.9
—24.2
—19.8 Geneticpolymorphism;commonbasicvariantat

CPK- 17. No detectable SHor Con A binding.
Likely to be Apo A-IV lipoprotein.

—20.7 Ba
2~ precipitable

—30.5

Appears following clotting

Appears following clotting
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Fig. 14. A two-dimensionalseparationof platelet-richpooledhuman plasma(7 X 7 inch gel
system)silverstainedusinga variationof theSainmonsel at. (1981)technique.Thegel wascontact-
printed onto KodakXRD film accordingto Harrison(1983). Someproteinsstain negatively(yellow
background),including plasminogen,fibrinogen c~,13, and ‘y, Ig y and~ chains,Ge-globulin, and
hemopexin.Othersstain very darkly (e.g., a1-antitrypsinandapoA-I lipoproteins).Such variations
arevery useful in determiningwhetherrelationshipsexist betweenspots.

subsequentlyvisualized on two-dimensionalgels. In many cases,proteinsre-
vealedby thesemethodsarenot seenon two-dimensionalgelsof wholeplasma,
but must neverthelessultimately be integratedinto the standardplasmamap.
Interesting relationships to major serum proteins may be revealed by this
integration.

An example of plasma subfractionanalysis is shown in Figs. 16 and 17.
Plasmawas fractionatedby the standardbarium citrate precipitation method
(Mann, 1976). The precipitate,containing the variousvitamin K-dependentco-
agulationproteins,is formed by salt complexationwith y-carboxyglutamicacid
residues.This precipitatewas analyzedby two-dimensionalgel electrophoresis
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Fig. 16. Two-dimensionalpatternof barium-precipitatedplasmaproteins.Approximately39 p.g
of protein was applied to the isoclectric focusing gel. The SDS slab gel was silver stained as
described(Tracy et al., l982a). The horizontal scale is pH and the vertical scaleis the apparent
molecularmassin kilodaltons.Albumin is indicatedby Alb; IgGH indicateslgG heavychains;A-I is
apoA-I lipoprotein.

to note that proteina is almostcertainly o~2l-IS-glycoprotein,a protein knownto
adsorbtightly to the mineralphase(i.e., the calcium—phosphatematrix) of bone
and previously referred to as a “barium” glycoprotein. Many minor proteins
presentin Fig. 16 haveclearlybeenconcentratedfrom plasmaandmayalsoyield
interestingresultsupon further investigation.

D. Plasma Proteins Observed in Other Mixtures

Using two-dimensionalelectrophoresisin conjunctionwith any detectionpro-
cedurethat revealsprotein generally,it becomesapparentthat plasmaproteins
are majorcomponentsof most types of sampleobtainedfrom higherorganisms
and of body fluids in particular(reviewedby Dermeretal., 1982,andby Tracy
and Young, 1983). The useof fetal bovine andotherserain tissueculturemedia
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Fig. 17, Schematic drawing of gel analysis of barium-precipitated plasma proteins. Condition
andscalesareasdescribedin Fig. 16. Additional symbolsare: tf, transferrin;K,L, K, X light chains;
hp, haptoglobin 13 chains; paib, prealbumin;at, a1-antitrypsin;gc, Gc-globulin; Il, VII, IX, X,
respective coagulation Factors; pr.C and pr.S, protein C and protein 5; a—f, unidentified barium-

precipitated plasnia proteins.

resultsin the presenceof serumproteinsin mostsamplesof cells grown in vitro.
It is important to recognizesuch proteins, anda numberof them have been
identified in a wide variety of sampletypes.

Cerebrospinalfluid (CSF) was examinedby Goldman et a!. (1980) using
silver stained two-dimensionalgels. Cerebrospinalfluid containedat least 26
prominentplasmaproteins,andproduceda patternthat was generallysimilar to
plasma,with the addition of six groupsof CSF-specificspots. Dermeret a!.
(1982) obtainedsimilar results.

Skin blisters,producedby suctionor ultra-violet light (UVB) irradiation,yield
a fluid that hasbeenexaminedby Volden et a!. (1980) and found to be essen-
tially identicalto the serumfrom the sameindividual, but at approximatelyone-
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Fig. 18. Two-dimensionalpatternof urinary proteinsof a normal male (from Edwardseta!.,
l982b). Identified p’asmaproteinsarc transferrin(I), albumin (2), hemopexin(3). ~

2HS-glycopro-
tein (4), a1-antitrypsin(5), Gc-globulin (6), ~1-acid glycoprotein(7), Zn-~2_gIycoprotein(8), Ig
light chains(9), retinol-binding protein (10), prealbumin(II), and132-microglobulin (12).

fourth the proteinconcentration.The prominentcellularproteins,actin andnon-
muscle tropomyosin, were observed(although at low levels) in blister fluid,
indicating that blister formation was accompaniedby protein release from
damagedcells.

Amniotic fluid (AF) hasbeencomparedwith adultandfetal serumby Joneset
al. (1981) and by Dermer et at. (1982). Amniotic fluid containedprimarily
plasmaproteins,appearingto be relatively deficientonly in thosewith assembled
molecularmassesaboveabout200 kilodaltons(SDS)(lipoprotein, haptoglobin,
a2-macroglobu!in). As expected,haptoglobin was entirely absentfrom fetal
serum.Threegroupsof nonserumproteinsthat may be analogousto adulturinary
proteinswere observedin amniotic fluid.

The humanurinaryproteins(Fig. 18) havebeenanalyzedin somedetail by N.
G. Andersonet a!. (1979a,b)andEdwardsCt a!. (1982a,b),and a numberof
plasma proteins have been identified. The effects of kidney filtration and/or

~
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specific transportmechanismsare evident:high nativemolecularmassproteins
such as fibrinogen, the lipoproteins, haptoglobin, and ct2-macroglobulinare

essentially absent, while some smaller proteins such as Zn-a2-glycoprotein,
retinol-bindingprotein,and~2-microg1obulinarepresentatmuch higher levels
than in serum. In addition,urine containsaseries of nonpiasmaglycoproteins
likely to beof urinarytract origin. Oneof these,designatedthemostacidurinary
protein (MAUP) (Edwardset a!., 1982b) is considerablymore acidic than a1-
acid glycoprotein.

Dermeret a!. (1982) have analyzedpleural effusion fluid (essentiallyindis-
tinguishablefrom serum),cervicalmucous,andsynovial fluid. Bothof the latter
containprimarily plasmaprotein, but each appearsto have at least onevery
abundantspecific (nonserum)glycoprotein.

Two-dimensionalpatternsof humanseminalplasma(Edwardset a!., 1981)
contain albumin, transferrin, a3-antitrypsin, and Gc-globulin together with
larger amountsof prostatic acid phosphatase,lactoferrin, and heterogeneous
classesof low-molecular-massandeasily proteolyzedbasicproteins. Creatine
kinase(BB) was also detectedat low levels. The presenceof intact andappar-
ently unmodified plasma proteins provided evidence that the abundantlow-
molecular-massprotein spots were not producedby generalizedproteolytic
activity.

Humansalivahas likewise beenshownto contain someserumalbumin and
transferrin,but theseare overshadowedby largeamountsof salivary amylase
(Giometti and Anderson,1980). High concentrationsof secretoryIgA makethe
IgJ chain, secretorycomponent,Igct heavy chains, and K and X light chains
majorproteinsof saliva. Majorunidentifiedproteinsapparentlyspecific to saliva
occur at molecularmassesbelow 20 kilodaltons (SDS) andat about 45 kilo-
daltons (SDS).

Another high-volumehumansecretion,milk, hasbeenshownto containun-
modified serumalbumin, transferrin,anda1-antitrypsin,but onceagainat con-
centrationsmuch lower than those of the nonserumproteins casein, a-lac-
talbumin, lactoferrin, and an approximately85 kilodalton (SDS) glycoprotein
tentatively identified as UDPgalactosyltransferase.

Proteinsisolatedfrom bovineboneby prolongeddialysisagainst0.5 M EDTA
or by extractionwith guanidine-HC1havebeendivided into about40 individual
groups,26 of which arepresentin plasma(Delmaseta!., 1983). Major plasma
protein constituentsof bone include albumin, apoA-I lipoprotein, IgG, 1gM,
transferrin,a2HS-glycoprotein,andhemoglobin.

With current detection levels, albumin representsthe only plasmaprotein
routinely detectedon two-dimensionalgels of muscle tissue (Giometti et a!.,

1979), anddistilled-water extractsof humancortical gray matter (Comings et
aL, 1982)havebeenshownto containdetectableIgy heavyand light chains,a~-
antitrypsin, anda1-acid glycoprotein.

Few plasma proteins have been characterizedon two-dimensionalgels as
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labeledproductsof the cells that synthesizethem.The principal exceptionsare
the lipoproteins, which have beencharacterizedas productsof adult human
intestineorgan culture (apoA-I; Zanniset al., 1980), of organ culturesof fetal
tissue(hepaticand intestinalapoA-I andapoE;Zanniset al., 1982a),of human
hepatomacell lines (apoA-I, apoA-II, apoB,apoC-Il, apoC-III, andapoE;Zan-
nis eta!., 198Ib), andof mousemacrophages(apoE;Basuetal., 1981). Thetwo
humanhepatomacell lines investigatedby Zannis et a!. (1981b)were found to
secreteisoproteinsof apoA-I that are more basic than the major plasmaforms
andrepresentproapoA-I.Subsequentwork (Zanniseta!., 1983)showedthatthis
precursoris longerby six amino acidsand more basicby two chargesthan the
matureplasmaform, and that the primarytranslationproductpreproapoA-I(not
detectedin plasma)is an additional 18 aminoacids longer.The secretedisopro-
tein forms of ageneticallyhomozygoustypeapoEwereshownto differ by sialic
acid only, andaresecretedin matureform. ApoC-Il, apoC-III-1,andapoC-III-2
(derived from apoC-II-0 by sialic acid addition) are also secretedin mature
(plasma)form.

In summary, the ability to observea largenumberof plasmaproteins by
inspectionon two-dimensionalmapsof variousbody fluids, tissues,andculture
supernatantshas allowed a ratherwide surveyof the differential occurrenceof
theseproteins.CSF, AF, blister, pleuraleffusion,andsynovial fluids all contain
primarily unselectedplasmaproteins.The plasmaultrafiltrate excretedas urine
containsa populationof plasmaproteinshighly enrichedin low-molecular-mass
proteins and strongly depleted in those with high “assembled” molecular
masses.Fluidsproducedas externalsecretions(e.g.,seminalplasma,saliva,and
milk) showevenstrongerdeparturesfrom typical plasmacomposition,although
all contain detectablealbumin, transferrin, and other major plasmaproteins.
Muscleand brain containplasmaproteins,at least partially due to incomplete
removalof blood from tissuecapillaries,and bonecontainsa variety of plasma
proteinssequesteredby methodsthat are not clear. It seemssafe,andperhapsnot
surprising,to concludethat man is completelypermeatedby blood plasmaand
that plasmaprotein componentsare thusessentiallyubiquitousin clinically ob-
tainablesamples.

(H. Microheterogeneity

In almost all cases,individual plasmaproteinsexaminedby two-dimensional
electrophoresishavebeenfound to consistof morethan one spot, or molecular
form. While the methodsfor identificationdescribedearliersufficeto definethe
setsof spotscomprisingeachprotein, it is desirableto understandthe molecular
variationsthat result in the sometimescomplexpatternsof microheterogeneity
that areobserved(N. L. Andersonand Anderson, 1977, 1979). Such an under-
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standing permits us to organizethe unidentified spots into groups likely to
representvariations on a few polypeptidethemes,and to ask why different
proteinsexhibit different types of microheterogeneity.From the viewpoint of
two-dimensionalgelanalysis,only protein formsdiffering in p1 (by alterationof
molecularcharge)or SDSmolecularmassarelikely to be resolved.Thus, in the
interpretationof two-dimensionalmicroheterogeneity,we are principally con-
cernedwith chargeandsizechangesgreaterthanabout0.1 chargeand/orabout
0.1—0.5 kilodaltons(SDS).

Although somemajorcellularproteinsmaybe affectedby aratherbroadrange
of postsyntheticchemicalmodifications,suchas N-terminalacetylation(actin),
tyrosylation (tubulin), andphosphorylation(vimentin), the principal detectable
modificationsmadeto secretedproteinsappearto be additionsof bothcharged
andunchargedsugars,deamidation,andproteolyticcleavage.A furthercauseof
apparentmicroheterogeneityin someproteinsis geneticpolymorphism,a factor
that can be analyzedseparatelythrough family studies.

Thesedifferentcausesof microheterogeneityarenot generallylimited in their
occurrenceto oneper protein,andthusonemustfrequentlydeal with combina-
tions of differentalterations.Fortunately,it appearsthat a principle of superposi-
tion oftenappliesto the interactionof different typesof microheterogeneity.If a
proteindisplayingsialic acid microheterogeneity(i.e., whosemoleculesvary in
havingn to rn sialic acid residues)undergoespartial proteolysissothat a fraction
of the moleculeshavea 10 kilodalton (SDS) peptideof net charge4— removed
from oneend, then, in general,we should see the samesialic acid chargetrain
(rn—n + 1 spotslong) displayedat two positions,onedisplaceddownwardby 10
kilodaltons(SDS) and by four chargeshift units to the right (more basic)of the
other. An exceptionto this principle occursif the removed10 kilodalton(SDS)
peptidecontainssitesat which someof the sialic acid residuesare attached;in
that case,the smaller version of the protein cannotrepeatthe sialic acid charge
heterogeneityof the largerform. Nevertheless,such a casecan be analyzedin
detail, and the contributionsof sialic acid addition andpeptideremoval can be
separatedif oneof the contributingfactorsis eliminated,as when sialic acid is
removedby neuraminidase.Neuraminidasetreatmentcanalsobe usedto clarify
the connection betweenadditions of neutral carbohydrate(observedas non-
proteolytic alterationsin apparentSDS molecularmass)and sialic acid. In this
case,theremustbe an interaction(i.e., lack of superposition)becausethe sialic
acid is usuallyattachedto underlyingneutralsugarstructures.Hence,the amount
of sialic acid andneutralsugarshould be correlated.

A secondimportant, thoughnot strictly followed, principle is theequivalence
of p1 shifts (usuallytermedchargeshifts) producedby variousp1-alteringchem-
ical modifications. Addition of sialic acid and mostchangesin chargedamino
acids (becauseof either amino acid exchangeby mutation, or deamidationof
glutamine to glutamic acid, or intentional carbamylationof lysine) yield an
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equivalentalterationin pJ: the singlechargeshift. Phosphorylation,acetylation,
anda variety of otherchemicalmodificationsalsoproducechargeshiftsof about
the samemagnitude,all of them determinedby the distancealong the protein
titration curve that must be traveled(startingat the p1) to yield an increase(or
decrease)of onecharge.Sincelargeproteins(with moreaminoacids)havemore
buffering power than small ones,the single chargeshift in largemoleculesis
generallysmaller. Such a phenomenonis readily apparentin plasma protein
patterns(Fig. 1). The exceptionsto the charge-shiftequivalencerule are rela-
tively few, and involve alterationsin somegroup that is nearthe middle of its
titration curve at the p1 of the protein.For mostproteins, such exceptionsare
limited to amino acid substitutionsinvolving histidineor to reactionwith large
substituentssuch as fluorescein(which shifts hemoglobinchains by about2.6
chargeunits). Thus, in general,whentwo differentcharge-alteringmodifications
aresuperimposed,the two collectionsof spotswill be in registerin the focusing
dimension.

A thirdprinciple, implied from the expectedstatisticalnatureof glycosylation,
is that the abundancesof a seriesof protein formsdiffering in sugarcontentwill
follow somesmooth,probably unimodal distribution.Thus, in a train of spots
due to simple sialic acid heterogeneity,thereshould be no “missing” spotsin
themiddleof the distribution. In complexglycosylationmicropatterns,the abun-
dancesshould decreaserelatively uniformly in anydirection (moreor lesscarbo-
hydrate) away from the statistically most likely form. Departuresfrom such
distributionsusually signal the presenceof othersuperposedheterogeneities.

A. Examples of Superimposed Heterogeneities

The micropatternof human serumtransferrin (Fig. 19) consistsof a basic
patternof up to sevenspots(asin form II) reproducedat four nearbypositionson
the gel (l—lV). The variationwithin form II is likely to be a variationin carbohy-
drate, becausea continuousdistribution of material exists,without gaps,cen-
teredon the principal spot. The “secondrow” of spots(upperunfilled spotsat

— and 2— charges)are likely to representminor forms bearingan additional
polysaccharidestructure,becausethey are discontinuouslylarger than the five
otherforms andmust containon averagemore sialic acid (being more acidic).
However, the differencesamongthe forms I—IV are likely to be the result of
proteolytic cleavage,becausea smoothrangeof intermediateforms is not present
and becausethe molecularmassjumps [3—4kilodaltons(SDS)] are largerthan
the approximately1-kilodalton(SDS) shiftsusuallyassociatedwith neutralsugar
structures.The mosteconomicalinterpretationinvolves the generationof forms
Ill and IV from form II by removal of a 3-kilodalton (SDS) peptideof charge
2—UI —* III), and an overall removal of about 6 kilodaltons (SDS), net charge
3+ resultingin theconversionof H to IV. It is not possibleto inferwhetherthese
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Fig. 19. Microheterogeneityof senimtransferrin (from N. L. AndersonandAnderson, 1979).
Panel(a) showsasmall regionof atwo-dimensionalpatternof immunoprecipitatedtransferrin.Panel
(b) showsa schematicrepresentationof the four majorpolypeptideforms, eachmicroheterogeneous
with respectto carbohydrate.

peptidesoverlap(andareremovedfrom the sameterminus)or areremovedfrom
opposite ends. If the latter caseis correct, then a simple superpositionrela-
tionship would requirethat a form lacking both termini be found locatedat 1 —

relativechargeand 66 kilodaltons(SDS). However, this form is likely to be too
rare to be observedon thesegels, being presentin a proportion equalto the
product of the 111:11 and IV:1I abundanceratios. Form I, which is about 4
kilodaltons (SDS) larger than the main form, cannot be derived from II by
cleavage,and it probablyrepresentsa precursorof the major form ratherthanits
product.A propeptideof about25 aminoacidswith a netchargeof 2— would be
predicted.

The haptoglobin~3chain (Hp~Fig. 20a)alsoshowsa seriesof chargeisomers
(dueto sialic acid)reproducedat a positiontwo chargesmorebasicand about3
kilodaltons(SDS) smaller than the main form, presumablyas the result of re-
moval of a small acidic peptide. In this case, however, a regular, stepwise
molecularmassmicroheterogeneityis apparentwithin the forms representedby a
singlesialic acid contentanduncleavedpolypeptidechain.Thus,a third typeof
microheterogeneitymust be involved, and in this case, it is likely to be a
variation in the numberof neutralsugarstructuresattachedto the protein.The
principal evidencesupportingthis interpretationis the observationthat a desia-
lated (neuraminidase-treated)versionof the main form (Fig. 20b) shows four
equally spacedbandsidentical in p/, but separatedin SDS molecularmassby
about 1 kilodalton(SDS). Proteolysisis unlikely to removethreeneutralpeptides
of identical length from oneendof the molecule.In addition, it is observedthat
the highermolecularmassforms aremore heavily sialated,indicating that they
havemoresialic acid attachmentsites.Comparisonof thedesialatedforms of the
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Fig. 20. Microheterogeneity of the haptoglobin 13 chain (from N. L. AndersonandAnderson,
1979). Panel (a) shows Hp13 chain immunoprecipitated from serum, panel (b) showsneuraminidase-
digested(desialated)Hp13 plus undigestedHp13, andpanel (c) showsthe resultsof desialatingthe
main form (main arc) andcleavedform (lower arc). Solid spots areplasma-occurringforms, and
open spotsaredesialationproducts.

main protein and the proteolyzedproduct (Fig. 20c) reveals that the pls are
almost identical, indicating that the two-chargedifference betweenthe original
(neuraminidaseuntreated)largeand small forms is not a characteristicof the
polypeptide [the removed 3-kilodalton (SDS) peptide must be neutral]. The
result of neuraminidasedigestion thus suggeststhat the larger form is two
chargesmore acidic becauseit carriesan averageof two more sialic acid resi-
dues. Unlesspolypeptidesize influencessialation (which seemsunlikely), this
result argues that the large form has additional neutral carbohydrateas well,
providing more sialic acid attachmentsites.A secondcharacteristicof thedesia-
lated forms is that, althoughthe largerpolypeptideshows threestepwiseSDS
molecularmassincrements[about I kilodalton (SDS)J,the smallerform shows
only two. Thisdifference, interpretableas a deficiency(in the cleavedform) of a
neutralsugarstructurethatnormallycarriestwo sialic acid residues,indicatesthe
likelihood of a single carbohydrateattachmentsite within about3 kilodaltons
(SDS) of oneendof the Hp~chain (in the peptideremovedto yield the small
form). This is consistentwith sequencedatashowingcarbohydrateattachmentat
Asn-23 EBarnettand Kurosky, quotedby Putnam(1975)]. In addition, the total
numberof sialic acids in variousforms is directly countable,rangingfrom 6 to
11 for the large(main) form, and from 4 to 9 for the cleavedform.
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Fig. 21. Microheterogeneity of serum a

2HS-glycoprotein (from N. L. Anderson and Anderson,
1979). (a) HomozygousL form, (b) homozygousN form, (c) mixtureof homozygousN andL, (d)
heterozygoteNL, (e) neuraminidase-treatedN form, (f) neuraminidase-treatedN andL, (g) schemat-
ic showingrelationshipof N and L (solid spots)anddesialatedforms (openspots).

B. Examples Including Genetic Heterogeneity

The two prominentgeneticallydeterminedformsof cx2HS-glycoprotein(N and
L) both exhibit micropatternsof four to five spots(Fig. 21). The principal spots
of the L form (panel a) lie about 2 kilodaltons (SDS) aboveandone to two
chargesmore acidic than thoseof the N form (b). However, the neuraminidase-
treatedversionsof N and L (f) havethe samep1, and are separatedby about I
kilodalton (SDS) in molecular mass. As in the caseof the Hp~chain, this
arrangementsuggeststhat the chargedistribution differencesbetweenN and L
forms are due to differencesin sialic acid content, suggestingin turn that an
underlyingdifferencein neutralsugarstructuresis responsible.The observed1
kilodalton (SDS) molecularmassdifferencebetweendesialatedN andL is con-
sistentwith this interpretation.Becausethe incrementin SDS molecularmass
expectedfor a neutralsugarstructureis about 1 kilodalton (SDS), anychangein
polypeptidelength must be very small. Therefore,the principal phenotypicdif-
ferencebetweenN andL appearsto be the absence(in N) of one of the two or
more neutralcarbohydrateattachmentsitesfound in L, a site that usuallycarries
aboutoneto two sialic acid residues.Using antibody-baseddetectionmethods,it
is possibleto detecta furtherlevel of heterogeneityin ct2HS (Fig. 22). A replica
of the N, L micropatternis observedat low abundance(about0.1%normalN,L
concentration)situatedseveralkilodaltons(SDS)aboveandthreeor four charges
more basic than the main N,L complex. This material is likely to representpro
ct2HS-glycoprotein.
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Fig. 22. Sectionof anitrocellulosetransferof plasmaproteinsstainedwith antiserumto a2HS-
glycoproteinas describedin N. L. Andersonetd. (1982). A largearrow indicatesthe principal L
form complex, and a small arrow indicatesa similar collection of spotspositionedseveralcharges
morebasicandat higherSDS molecularmass.Thelatterspots(at about0.1% theabundanceof the
main form) are likely to representa precursorto circulatinga2HS-glycoprotein.

Thepatternof a1-antitrypsin(ct1AT) is morecomplex(Fig. 23). The M (most
common)geneticform consistsprimarily of an oblique row of threesmall spots
(at the right, basicend) andanotheroblique row shifted two chargesto the left
andupward about 1 kilodalton (SDS) consistingof much larger spots. In this
case,neuraminidasedigestiondoesnot bring the right- andleft-handforms into
coincidence,but ratherresultsin appearanceof a pair of spots(onechargeanda
smaller spot two chargesto the right; Brown, 1982). Thus, the two-charge
differenceis likely to be in the polypeptide,andmay representcleavageof a few
residuesfrom one terminusto yield the right-handrow. In the caseof c~1AT,a
considerablenumberof alleleshavebeendetected.To date,only thepositionsof
M, S, andZ proteinshavebeencomparedon two-dimensionalgels(Tracyet al.,
l982a; Brown, 1982), yielding comparableresults.Theprincipal oblique row of
spotscomprisingthe S allele is aboutonechargemorebasic,andthat of Z about
two chargesmorebasic thanM, in agreementwith the substitutionof valinefor
glutamicacid (1 + charge;Yoshidaetat., 1977) andlysinefor glutamicacid (2+
charge;Yoshidaetal., 1976), respectively.The slight apparentmolecularmass
incrementsin going from M to S and from S to Z aredifficult to explainexceptas
anomalouseffectsof protein sequenceon SDS-bindingcapacity.

C. Examples of Less Well-Resolved Microheterogeneity

In some heavily glycosylatedproteins,molecularmass heterogeneitydue to
carbohydratetakesa continuum,ratherthanstepwise,form. Occasionally,very
high-resolution gels can resolvestepwise molecularmass incrementsin the
chargeisoformsof hemopexin,for instance,but, in general,a columnof density
at each integrally shifted p1 is observed.Evidently, the larger the numberof
carbohydrateattachmentsites,and the more variedthe typesof sugarStructures
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Fig. 23. Regions of two-dimensional patternsof serashowing~ 1-antitrypsintypes:(A) MM, (B)
MZ, (C) SZ, (D) ZZ. Schematic shows the relationship between M, S, and Z polypeptides (from

Tracy eta!., 1982a).

thatcanbe attached,the greaterthe numberof possiblemicrovariants,andhence
the poorer the chancesof resolvingsuch heterogeneity.Two extremecasesare
shownin Fig. 24, a1-acid glycoproteinandMAUP. Eachspot in the a1-acid
glycoproteinchain (separatedby singlechargeshifts dueto sialic acid addition)
is much largerthanan equivalentnonglycoproteinspot. Eachcontainssubstan-
tial unresolvedmicroheterogeneity.The MAUP is a protein soacidic that sulfa-
tion could be consideredas a sourceof heterogeneity.Up to ten oblique rows of
5—15 spots fuse to yield a pattern of about 12 almost horizontal bars. The
interpretationof such a level of heterogeneityis not possible without detailed
knowledgeof the modificationsinvolved.
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cC I-A Gp
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Fig. 24. Two-dimensionalpatternof acidic proteinsfrom human urine (from Edwardset a!.,

l982b). ~1-Acid glycoproteinis aiA.Gp andthe most acid urinary protein is MAUP.

In summary, the microheterogeneityof individual glycoproteinson two-di-
mensionalgels has proven, in a numberof cases,to be interpretable.The in-
terpretationscan provide testable hypothesesregarding proteolytic cleavage
events,and regardinglevelsandtypesof glycosylation.Although experienceto
date with classicendoglycosidaseshasnot beenvery encouraging,more effec-
tive sugar-removingenzymesmay substantiallyimprove the interpretabilityof
even complexheterogeneities.

D. Other Examples of Proteolytic Processing

Severalproteolytic cleavageeventsin addition to thosealreadydiscussedare
evidentin the plasmatwo-dimensionalpattern.Two forms of plasminogen,the
largerandmore acidic having an N-terminal glutamic acid and the otheran N-
terminallysine (Robbinset al., 1975), are routinelyobservedat SDSmolecular
massesof about99.4and about95.8kilodaltons, respectively(N. L. Anderson
andAnderson, 1977). Ceruloplasminappearsas a poorly focusedmassat about
124 kilodaltons(SDS) with a smaller, apparentlymore acidic form that is well
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focused(a seriesof resolvedsmall spotsindicative of sialic acid relatedcharge
heterogeneity)at about 103 kilodaltons(SDS). Theseforms are likely to core-
spondto the 130- and 11 6-kilodalton (SDS) forms observedby Kingston et al.
(1977), who usedadifferentsystemof molecularmassstandardization.ApoA-I
lipoproteinprovidesanexample(mentionedpreviously)in whichthe identity of
a circulating propeptidehasbeenrigorously established(Zannis et al., 1980).
ProapoA-I is two chargesmore basic thanthe predominantform andsix amino
acids longer. ApoA-I is apparentlyunusual in that the pro form is the major
secretedproduct.

IV. Genetic Polymorphism

A. Detection of Variants and Average Heterozygosities

Becauseof its ability to resolvelargenumbersof proteins,two-dimensional
electrophoresiscan be usedto searchfor geneticvariantsat a largenumberof
loci simultaneously.Expectationsof such a usepromptedthe initial two-dimen-
sional analysisof humanplasma (N. L. Andersonand Anderson, 1977), and
motivatedseveralgroupsto comparethe two-dimensionalpatternsof smallnum-
bersof humancell lines in an attempt to estimatethe averageheterozygosity
occurring over a larger sample of human loci than could before have been
examined(McConkeyeta!., 1979; Walton etal. • 1979;Smith ci’ al., 1980).The
latter studiesyielded averageheterozygositiesof about 1% or less, resultsthat
are clearly at variancewith a value of 6.3% obtainedin the classic studiesof
Harris (1980) on plasmaproteinsand red cell lysate enzymes.

Geneticistshavenot beenquick to acceptthe resultsof the two-dimensional
studiesof cellular proteinsover the patiently acquiredblood protein data (ob-
tained mainly by starch electrophoresis),and in part, this caution could be
likenedto wisdom. Although the resultsraisedquestionsabout the reliability of
two-dimensionalgels and their ability to detect variants, they also prompted
some investigatorsto questionthe geneticequivalenceof plasmaand typical
cellularproteins. It secnisfair to suggestthat the plasmaproteins,and to some
extentthesolublered cell proteins,aredesignedto fill simplefunctionsrequiring
ratherfew intermolecularinteractions.An overridingnecessityis for the proteins
to remain soluble, even when denatured.Attachedcarbohydrateclearly helps
this cause,making plasma proteins far more difficult to precipitateby heat
denaturationthanaveragecellularpolypeptides.Therefore,it could be supposed
that a large proportion of amino acid alterationstaking place in the surface
residuesof plasmaproteins may have little or no effect. The population of
variantsof hemoglobin (anotherprotein engineeredfor solubility) examined
from a structural viewpoint by Perutzand Lehmann(1968) tendsto supportthis
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view; changesin surfaceresiduesfrequentlyhadno seriousfunctionaleffect,the
sickle-cell mutation constitutingone obvious exception. However, the set of
proteins found in nucleatedcells containsat least someproteinswhose entire
sequencesare very highly conserved(such as the histones)or whoseprecise
isoelectricpointshavebeenconservedthroughoutthe mammals(suchas the j3
and ‘y actins; NLA, unpublishedobservations).McConkeyet al. (1979) sug-
gested,on the basisof the very low estimatedheterozygosityfound in humancell
lines, that mutationsof abundantcellularproteinsmayoften be dominantlethals,
and that mutations in plasmaproteinsmay producelesseffect. A controversy
thuseruptedbetweenthosewho choseto fault the two-dimensionalmethodfor
observingtoo few geneticvariants,andthosewho felt that variationsin hetero-
zygosity betweendifferent classesof proteinswereto be expected.

Recently,the questionof the ability of the two-dimensionalgels to resolve
variantsdetectedinitially by starchelectrophoresishasbeenaddresseddirectly.
Wanner et a!. (1982) used two-dimensionalelectrophoresisto test 17 allele
productsat five loci (carbonatedehydrataseI and II, J3-globin, albumin, and
mousepancreaticamylase),and wereableto separateall but oneof the proteins.
Therefore,they concludedthat “2-D gel electrophoresiscanresolvemorethan
90% of the variantsoriginally detectedby one-dimensional(l-D) electrophor-
esis.” Rosenbluma a!. (1983) then investigatedplasmaprotein heterozygosity
using two-dimensionalelectrophoresis,obtaininga value of 6.2% ± 0.7%, in
striking agreementwith Harris’ (1980) results using one-dimensionalelec-
trophoretic screening.Although studiesof both plasmaandnucleatedcellular
proteinshavenot yet beencompletedin onelaboratory,therebyleavingopenthe
questionof interlaboratorydifferencesin variantdetectionefficiency with two-
dimensionalgels,the resultsavailableto date supportasignificantly (perhaps10-
fold) higheraverageheterozygosityin plasmaproteinsas comparedto abundant
proteinsof nucleatedcells. Plasmaproteinsmay thus representan atypical (and
perhaps unique) subset of human proteins from genetic and evolutionary
viewpoints.

B. Plasma Protein Polymorphisms Observed on Two.
Dimensional Gels

The most common polymorphismsevident in two-dimensionalpatternsof
plasmaproteins are thoseinvolving the haptoglobinlight chains (“2~air, and
a15 Fig. 6); transferrin (Fig. 25), Gc-globulin (Figs. 5 and26; the left-most,
more acidic two spots of the threelabeledspotsare Gc-l, and the right-hand,
basic spot is Gc-2), a2HS-glycoprotein(Figs. 3 and 21), and a1-antitrypsin
(Figs. 3 and 23). The Ge-globulin forms shownin Fig. 26 are interestingin that
one commonallele (form 2, panelC) consistsof a single spot, and the other
(form 1, panelB) consistsof two majorspotsanda third minorone.Krueger ci’
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Fig. 25, Appearanceof transferrinvariantson two-dimensionalpatternsof serumproteins:(A)
the normal form, (B) a homozygousacidic variant, (C) a heterozygoteacidic variant, (D) a hetero-
zygotebasicvariant. (Variant sampleskindly providedby J. V. Neel.)

a!. (1982) found a possibleassociationof the Gc-2 spot with psoriasis,using
two-dimensionalgels, althoughthey were not awareof the probableidentity of
their “abnormal” spot. An apoElipoprotein polymorphismhas beencharac-
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Fig. 26. Appearanceof Cc-globulin alleleson two-dimensionalgels (from Tracyeta!., 1982a).
(A) HeterozygousCc 1-2, (B) homozygousCc-i, (C) homozygousGc-2. (A) and (13) areplasma
samples,and(C) is serum.Arrowspoint to the positionsof thethreeprincipal Gespots,theleft-hand
two of which Constitutetype I • the right-hand(most basic) type 2.

terizedby two groupsusing the two-dimensionalapproach(BorresenandBerg,
1981; Zannis Ct al., 198Ia). I3oth groupsfound a commonallele presentas an
oblique row of threemain components(the bottom beingthe most intense)at the
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positionsshown for apoEin Fig. 6 (apoE-III or c-Ill) with two less common
allelesrepresentedby similar rows of spotsdisplacedonechargetowardthe right
(basicvariantcalledapoE-Ilor c-Il) or onechargeto theleft (apoE-IV or c-IV).
Genefrequenciesobservedfor the alleles II, III, and IV were0.119and0.11,
0.770 and0.72,and0.111and0.17, respectively,as estimatedby Borresenand
Berg (1981) andZannisci’ al. (1981a). Zanniset al. (1982b)havealsodemon-
strateda possiblegeneticdefectin apoA-I lipoprotein from patientswith Tangier
disease.In thesepatients,who havelittle or no circulatinghigh-densitylipopro-
tein, approximatelyone-halfthe recoverableplasmaapoA-I is in the form of
proapoA-I (Fig. 6) in contrastto less than2% in normal subjects.Zannisetal.
infer a possiblegeneticdefectin the maturationof proapoA-I to apoA-I. Using
two-dimensionalgels, Mevag a al. (1981) haveshownthat an electrophoretic
polymorphismof complementcomponentC4 is due to chargedifferencesin the
C4 a chain(provisionallyassociatedwith proteinPLS:9,Fig. 5). The C4 -Y chain
did not show chargevariation, and the C4 fi chain appearedtoo basic to test
using the normal two-dimensionalsystem. Bury and Roberts(1982) used two-
dimensionalelectrophoresisto comparecystic fibrosis and normal plasmas,but
were unable to find any differencesthat might confirm earlier controversial
reportsof ageneticallydeterminedcystic fibrosis serumprotein (Wilson, 1979).

Oneparticularly intriguing plasmaproteinpolymorphismdeservesfurtherin-
vestigation. Unidentified protein PLS:3I is accompaniedin presumedhetero-
zygotesby a similar spot shifted approximatelyone chargemore basic (to a
position approximatingthat of spotNo. 336 in Fig. 8). PLS:3I is unusualin that
it appearsto lack both carbohydrateand cysteine.Genefrequencieshavebeen
measuredfor the common(type 1) andbasic (type 2) variant alleles yielding
respectivevaluesof 0.927and0.073(Rosenblumeta!., 1983; 62 individuals)or
0.910and 0.090(N. L. AndersonandJ. V. Neel, unpublished;268 individuals
mostly unrelated). According to the frequenciesalready stated for the rarer
allele, homozygoustype 2 variantsought to occur at frequenciesof 0.53% to
0.81%. Nonehaveyet beenobserved,however,either in the studiesdescribed
previously or in serumsamplesexaminedat the Mayo Clinic (R. P. Tracy,
unpublishedresults). PLS:31 may be the apoA-IV lipoprotein.

Other proteins in which rare variants have been observedusing the two-
dimensionalapproachinclude prealbuminand the fibrinogen a chain (Rosen-
blum a a!., 1983) anda2HS-glycoproteinand the fibrinogen I~chain (N. L.
AndersonandJ. V. Neel, unpublished).

C. Phylogenetic Comparisons

As yet, no systematiccomparisonsof animalserahavebeenconductedusing
the two-dimensionalapproach.Nevertheless,it seemsworthwhileto describethe
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basic ideas, if only to impel someinvestigator(s)to undertakethe work. Two
questionscanbe asked:(1) What arethe relativechargesof variousproteinsin a
rangeof species,and how does chargevariation changewith evolutionarydis-
tance?(2) How different are the quantitativelevels of variousproteins in the
species,andare theretrendsthat correlatewith evolutionaryprocesses?Prelimi-
naryapproachesto thesequestionsusingproteinssynthesizedby cell linesof 15
mammalianspeciesranging from batsand dolphinsto man indicatethat some
proteinsarehighly conserved(mainly thosewith a structuralrole) while someare
highly variable (showingno correlationof relative chargewith speciesrelated-
ness;N. L. Anderson,unpublished).It thus seemspossiblethat if such a range
exists in the plasmaproteins, “molecularclocks” basedon chargechangesub-
stitutionshavinga variety of effectivespeedscould be found. It might alsoprove
possible,using the wealth of information already availableconcerningplasma
proteins,to correlateevolutionarychargevariability with frequenciesof variants
in humanpopulationsandphysicochemicalpropertieson aprotein-by-protein
basis.

V. Immunoglobulins

From the viewpoint of two-dimensionalmapping, immunoglobulinspresent
special problemsand special opportunities.In order to recognizeand bind a
seeminglyunlimited number of foreign antigens,the serum immunoglobulins
must themselvesbe able to take many subtly different molecularforms. The
resultingheterogeneity,generatedprimarily by DNA-level rearrangements,is of
suchcomplexityas to overwhelmalmosta!! physical(non-immunological)sepa-
rationmethods.Thus,the “spots” shownin the humanplasmamap(Figs. 1—6)
to representthe serum immunoglobulinsare not individual molecularspecies;
rathertheydescribedistributionsof spotsso numerousas to be unresolvablein
normalhumanindividualsusingcurrenttechniques.However,this heterogeneity
is not necessarilysodauntingin inbred, laboratory-raisedanimals(N. L. Ander-
son, 1981), andprovidesinterestingopportunitiesfor monitoringclonaleventsin
the B cell immune system.

A. Chain Identification

The IgG ‘y chains are relatively well separatedfrom other proteins (except
fibrinogen ~3chains),and were easily identified in the first plasmatwo-dimen-
sional maps(N. L. Andersonand Anderson,1977). The remainingheavy-chain
types have been identified mainly through use of characterizedhuman my-
elomas.Thorsrudet a!. (1980) identified the a and ji heavychainsof IgA and
1gM. This work was confirmed and extendedby Latner et a!. (l980a,b), who
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Fig. 27. Appearanceof myeloma iminunoglobulinheavychainson two-dimensionalgels(from
Tracy et a!., 1982b). (A) normal senim,(B) lgG myelonia,(C) 1gM myeloma,(D) IgA myeloma,
(E) lgD mycloma.

identified a, ~i, and IgD ~ heavy chains.Tracy eta!. (1982b)confirmed these
identifications(Fig. 27). Jellum and Thorsrud(1982) addedthe positionof the
IgE E heavy chain, andshowedthat the y-~chain formed a bandat somewhat
higher SDS molecularmass than ~ y~,or ‘Y4 chains. Tracy et al. (l982b)

analyzed45 -y chain mye!omas,and found that, in general,~Yi and -y4 chains
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appearat slightly higherapparentSDSmolecularmassesthan‘Yi and12’ but that

y~and 12 are generallymore acidic thany~andy~.IgG ‘y1 and ‘y2 were well
discriminatedon thebasisof p1 aloneusingapi valueof 8.1; 17 of 18 ‘y1 and 10
of 1112 myelomaproteinswere correctlyseparated.

The K andX light chains are largely separatedin the SDS gel system,even
thoughtheir sizesarevery similar (N. L. AndersonandAnderson,1977).Tracy
ci’ a!. (1982b) examinedthis separationas a meansof distinguishingic and X
myelomas,and found thatuseof the bestsingleSDS molecularmassdiscrimi-
nantvalue(constantacrossthe gel) yielded 80% correctassignmentof ic chains
and 73% correctassignmentof X chains.

Other molecularspeciesassociatedwith the classic immunoglobulinchains
includethe J-chain[found in IgA and 1gM (Tracy aa!., 1982b)andstainedon
nitrocellulosetransfersusingappropriateantisera(N. L. Andersoneta!., 1982)],
the secretorypiece of IgA [observedin saliva (Giometti and Anderson,1980)
and in an IgA myeloma(“unknown” spots in Fig. 2 of Jeflum andThorsrud,
1982)], andan unidentifiedglycoproteinof about50 kilodaltons(SDS)which is
associatedwith 1gM and maybe a ~schainfragment(Tracy eta!., 1982b;N. L.
Anderson,unpublished).The unidentifiedprotein is referred to hereas pS-s.

B. Protein A—Binding Fraction

Most immunoglobulinbindsto staphylococcalproteinA atneutralpH. Protein
A—Sepharosecan thus be usedto isolate immunoglobulinsfrom serumin one
step,after which theycanbe elutedwith SDSor concentratedurea.Pearsonand
Anderson (1980) deviseda microcolumn approachusing ‘°-R

1 protein A—
Sepharosecolumns preparedin disposableplastic pipettetips that allowed the
analysis of large numbersof immunog!obulin samples.A sampleof human
serumtotal Ig preparedby this methodis shownin Fig. 28. The majorserumIg
chains(ic, ~, -y, a, p~,J, and ji-s) areeasilyobserved.The major contaminating
components,asidefrom very smallamountsof albumin,apoA-I lipoprotein,and
a

1-antitrypsin,are probably as yet unidentified complementcomponents.
The studiesdone so far revealclearly that current gels cannotresolvethe Ig

light chainsof normal humanserum (N. L. Anderson, 1981a). It should be
noted,however, that the distribution of light chain density is nonuniform,ap-
pearingto be bunchedin both p1 andSDSmolecularmass.This bunchingpattern
is very similar in all normal humansera. Pathologicalsamples,however,often
show a tendencytoward increasedclonality (Jellum and Thorsrud, 1982; N. L.
Anderson,unpublished)which may be indicativeof severestressto the immune
system.

Total protein A-bound Ig of the BALB/c mousehas quite a different ap-
pearance(Fig. 29). All threemajorgroupsof Ig chains(ii, i~andlight) aremore
nearly resolvedinto spots, the light chains particularly so (N. L. Anderson,
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Fig. 28. Two-dimensionalpatternsof humanserumproteinA-bindingmaterial(primarily immu-
noglobulins).Greek letters label the respectiveIg chains:I is the Ig i-chain, and p.-s is an 1gM~
associatedprotein.Albumin is A, apoA-l lipoprotein is Al, andC indicatesthe row of addedcreatine
phosphokinasechargestandards.

l981a).Theupperlevel of thelight chains(wheretheless-numerousX chainsare
expected)appearsas a region of distinct spots, while even the lower, more
populatedic-chain region is distributedin muchtighterclumps.Surprisingly, the
distributionof light chainspotsis quite similar in differentindividual mice (Fig.
30). Approximately 80% of the spots are shared(N. L. Anderson, l98la),
suggestingthat many may be the productsof unalteredgerm-linelight-chain
genes.Thisconjectureis supportedby theobservationthatlight-chainpatternsof
C57 andBALB/c mice arenot generallydistinguishable,while light chainsfrom
adifferent,outbredspeciesareboth more numerous(abouttwice as manyspots)
anddifferently distributed(N. L. Anderson,198la). If evensomeof theresolved
spots representindividual light-chain sequences,then two-dimensionalelec-
trophoresis,in conjunctionwith the sensitivesilver stains,may makeit possible

Al
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Fig. 29. T~~o-dnnensionalpatternof protein A-binding proteinsfrom BALB/c mouseserum.
Light chainsarc muchmorefully resolvedthan in Fig. 28. CandidateX0 geneproductis indicatedby
X0: other labelsarc as in Fig. 28.

to follow over time the fate of numerousB cell clones in asingle animal.Given
the steadyincreasein resolution that hasoccurredto date, it may ultimately be
possible to perform such clonal surveys in man as well (N. G. Andersonand
Anderson, 1981; N. L, Andersonand Anderson, 1981).

VI. The Future of Protein Mapping

The principal attraction of work with two-dimensionalprotein maps is the
opportunityto seeby inspectionwhich protein componentsarepresentor absent
in a sample,andwhich havebeenmodified. The techniqueis clearly not an end
in itself, but its developmentis madeworthwhile by the very generalimportance
of knowing the compositionof living cells and body fluids. Although present
mapsare able to distill much of the information availableconcerningplasma

4
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Fig. 30. Light chain regions from two-dimensionalgelsof protein A-bound1g. Patternsfrom 13
individual mice are shown.
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proteinsinto a unified, rememberablepicture, it should strike readersas unset-
tling that largenumbersof componentsremain unidentified.Complementand
coagulationfactorswill accountfor someof these,but probably less thanone-
half. It is to behopedthat theuseof two-dimensionalmappingtechnologieswill,
by revealingdetailsof a currently ignoredbackground,encourageinvestigators
to noticesuggestivepropertiesof unknown moleculesin the courseof ongoing
research.The “discovery” of proteinsmaytherebyceaseto be a discontinuous
process,andmay becomea simplereventmore akin to recognition.
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