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ABSTRACT Systemic lupus erythematosus and other
chronic systemic autoimmune diseases are associated with
circulating autoantibodies reactive with a limited set of mostly
nuclear proteins. Using rigorous statistical methods we have
identified segments of highly significant charge concentration
in the majority of the characteristic nuclear and cytoplasmic
autoantigens. Extremely long runs of charged residues, includ-
ing some sequences of >20 consecutive charged residues (pure-
ly acidic or mixed basic and acidic), occur in about a third of
these proteins, whereas equivalent runs are found in <3% of
other mammalian proteins. The other sequences have less
extreme charge clusters, the type and location of which are
often conserved between several otherwise nonsimilar antigens.
We propose that supercharged surfaces render the targeted
host proteins strongly immunogenic and that antinuclear an-
tibody profiles might result from chronic exposure to intracel-
lular contents, possibly in conjunction with crossreactive viral
products. The limited number of potential systemic autoanti-
gens may partly be due to the rarity of requisite charge
properties.

Patients with systemic lupus erythematosus (SLE), mixed
connective tissue disease (MCTD), Sjogren syndrome (SS),
scleroderma variants, and a small number of other rheumatic
autoimmune diseases develop autoantibodies directed
against a variety of disease-specific cellular components.
Many targets of the autoimmune response have been iden-
tified, consisting of DN A and more than 30 mostly chromatin-
and RNA-associated proteins [including histones, CENP-B,
DNA topoisomerase I, small nuclear ribonucleoproteins (sn-
RNPs); for review see ref. 1]. How these proteins become
autoantigenic and why exactly these and not other proteins
have remained unclear. Equally intriguing is the fact that the
usual patient has several different disease-specific autoanti-
bodies, but not necessarily the same for different patients
with equal clinical diagnosis (1).

One striking feature of several of the autoantigens is the
presence of long charge runs, occurring, for example, in the
CREST autoantigen CENP-B (2), in the DSC autoantigen
DNA topoisomerase I (3), and in the SS autoantigen Ro-
calreticulin (4). This is of note since it is a classical result that
sufficiently charged synthetic peptides can elicit potent an-
tibody responses (5). Charge interactions are also known to
be important to many protein—nucleic acid and protein—
protein interactions such as sequence-specific DNA binding
(6), transcriptional activation (7), or receptor binding (8).
Statistically significant clusters of charged residues are char-
acteristic of eukaryotic regulatory proteins, including tran-
scription and replication factors, developmental control pro-
teins, high molecular weight heat shock proteins (hsp), and
many G protein-coupled receptors (9-11). Also regulatory
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and surface proteins of eukaryotic DNA viruses frequently
contain charge clusters and/or runs and periodic patterns of
charge (12-14). By contrast, cellular proteins generally lack-
ing distinctive charge configurations include cytoplasmic
structural proteins (myosins, actins), ribosomal proteins
(with the exception of the acidic proteins PO, P1, P2; see
below), and most enzymes (hydrolases, oxidoreductases,
transferases, nontransmembrane kinases).

Here we report a systematic analysis of charge properties
of rheumatic disease-associated autoantigens. We have ap-
plied previously developed statistical methods (11) to the
primary sequences, identifying significant clusters (locally
high concentrations of charge), (contiguous) runs, and peri-
odic patterns of charged residues (every second or third
residue). Our results show that the set of autoantigens is
extraordinarily rich in significant charge configurations, fea-
turing several of the longest charge runs found in any
proteins. We propose that the unusual charge properties of
these proteins are related to their antigenic potential.

METHODS

Data Sets. Our primary data set consists of the sequenced
protein targets of autoantibodies from patients with SLE,
MCTD, SS, or scleroderma variants (CREST, DSC). The
proteins discussed in the 1989 review by Tan (1) are histones
H1 [National Biomedical Research Foundation Protein Iden-
tification Resource (NBRF), protein database name
HSHU1B], H2A (HSHUA1), H2B (HSHUB1), H3
(HSHU3), and H4 (HSHU4); Sm antigens U-B (ref. 15), U-D
(A27668), and U-E (S01900); nuclear ribonucleoprotein
(RNP) antigens Ul-A (S01497), U2-B" (A25910), U1-C
(S01387), and U1-70kD (A25707); SS-A/Ro antigens Ro60kD
(A31760) and calreticulin (ref. 4); SS-B/La (A31888); Ku-
70kD (ref. 16) and Ku-86kD (A32626); proliferating cell
nuclear antigen (PCNA) (WMHUET); ribosomal proteins PO
(A27125), P1 (B27125), and P2 (C27125); hsp 90kD (S06898);
DNA topoisomerase I (A30887); CENP-B (A27272); fibril-
larin (ref. 17); and the nuclear lamins A (VEHULA), B
(mouse sequence from ref. 18), and C (VEHULC). In addi-
tion, we have included nonhistone chromosomal proteins
HMG-1 (S02826; see ref. 19) and HMG-17 (A27777); neuro-
filament proteins L (mouse sequence A25227; see ref. 20), M
(A27864), and H (S00979); heat shock cognate protein hsc70
(A27077; see ref. 21), ubiquitin (A22005; see ref. 22); nucle-
olar protein B23 (S06926; see refs. 23, 24); and the recently
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clear RNP; hsc, heat shock cognate protein; hsp, heat shock protein;
MCTD, mixed connective tissue disease; NBRF, National Biomed-
ical Research Foundation Protein Identification Resource; PCNA,
proliferating cell nuclear antigen; SLE, systemic lupus erythemato-
sus; snRNP, small nuclear ribonucleoprotein; SS, Sjogren syn-
drome; MHC, major histocompatibility complex.
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identified SLE antigens Ki (ref. 25), c-MYC (TVHUM; see
ref. 26), and heterogeneous nuclear RNP-A (hnRNP-A)
(S04617; see ref. 27). This adds up to a total of 39 sequences,
or 34 distinct sequences if we pool respectively Ul-A with
U2-B", the lamins, and the ribosomal proteins (highly similar
in the charge regions).

As a control set we have used the entire NBRF protein
database, Release 25.0 (June 1990), which consists of 17,731
protein sequence files. Altogether the database contains
about 1000 distinct mammalian proteins (of lengths at least
120 residues, no two sequences being more than about 25%
identical; cf. ref. 28).

Statistical Evaluation of Charge Runs. The significance of
charge runs within a protein was estimated by reference to a
random sampling model. Details of the model have been
reviewed elsewhere (11). In brief, for a sequence of length N
and a letter occurring with probability A (here chosen as the
fraction of specified charge in the protein) the probability of
observing a run of this letter of length exceeding L = log
N/(—log A) + zis at most 1 — exp{—(1 — A)A%}. Setting this
probability equal to 0.0001 we obtain z and L corresponding
to the length of runs significant at the 0.01% level. The
significance level was chosen very conservatively to accom-
modate the problem of multiple comparisons when searching
a large database. Thus only 1 in 10,000 sequences would be
expected to contain a run of the prescribed length merely due
to chance fluctuations. Formulas for estimating the signifi-
cance of runs with errors (intervening noncharged residues)
are given in ref. 11. For a protein sequence of length 300-1000
residues and letter frequency 11.5% (average content of
either lysine plus arginine or glutamate plus aspartate) the
minimal significant length at the 0.01% significance level is 7
with no errors, 9 with one error, and 10 with two errors.

Charge clusters refer to short segments (25-75 residues in
length) of specific high charge content (either positive, neg-
ative, or mixed, the latter involving a high number of both
basic and acidic residues). Unlike runs, in a cluster the
charged residues will not necessarily be contiguous. The
procedure to identify statistically significant charge clusters
in a protein sequence is reviewed in ref. 11. The clusters
displayed in Table 2 are significant at the 1% level.

RESULTS

Charge Runs. Statistically significant (0.01% level) charge
runs in the rheumatic disease-associated autoantigens are
displayed in Table 1. Three of the 34 sequences contain
extremely long acidic runs, and 7 contain very long mixed
charge runs with basic to acidic residue ratio varying from 2:1
in DNA topoisomerase I to 1:5 in neurofilament triplet L
protein. The runs in U1-70kD are primarily +, — alternations
(the + residues being exclusively arginine, whereas the —
residues are about equally glutamate or aspartate), but the
other mixed charge runs appear unpatterned. The charge
regions in U1-70kD occur carboxyl to the RNA binding
domain, an arrangement that is conserved in Ul-A and
Ro-60kD (Table 2). The (+—);0 run in Ul-A (Table 2) is
perfectly maintained in U2-B”, although half of the residues
entail D — E or K — R substitutions, pointing to a role for
charge rather than for specific amino acid identity in this
region. The charge runs in CENP-B are within the region of
the major autoantigenic epitope (Table 1), but for topoisom-
erase I (Table 1) and Ku-70kD (Table 2) the major autoanti-
genic epitopes do not coincide with the charge segments.
Several of the other sequences contain charge runs of lengths
just at the boundary of our strict significance level: lamins A
and C contain the acidic run EDDEDEDGDD, lamin B has
Eg, c-MYC bears EEEQEDEEE, La antigen has DDEHDE-
HDE, and long acidic and mixed charge runs also occur in
neurofilament proteins M and H (not shown). It is notewor-
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thy that the acidic run in c-MYC (residues 253-261) is part of
an autoantigenic truncated c-MYC p42 but is not part of a
truncated c-MYC p23, which is not autoantigenic (26).

The charge runs displayed in Table 1 are not only highly
significant with respect to the charge composition of the
individual proteins but are in fact among the longest found in
the entire database. Among mammalian proteins equivalently
long acidic runs occur only in nucleolin, upstream binding
factor, mouse Hox1.1, and N-myc (Table 3) as well as in
rabbit ryanodine receptor, rat parathymosin, amyloid A4-751
protein, rat sialoprotein, calsequestrin, bovine dopamine-
and cAMP-regulated neuronal phosphoprotein, and mouse
early T-lymphocyte activation 1 protein (unpublished data).
Long mixed charge runs occur in mouse major histocompat-
ibility complex (MHC) class III 42-kDa polypeptide, mouse
Hox3.1, Ig-6 heavy chain C1-C2 hinge region, and mouse
fos-B (Table 3) and in spermine binding proteins, rat chro-
mogranin A, Ca*-transporting ATPase, and rat glycine
receptor 48-kDa strychnine-binding chain. Thus, among
about 1000 distinct mammalian proteins (NBRF database)
ordered by length of their longest charge run, the rheumatic
disease-associated antigens take 3 of the top 15 spots on the
acidic chart and feature 7 of the 15 longest mixed charge runs.

Charge Clusters. If highly charged segments are an impor-
tant characteristic of autoantigens then the sequences with-
out very long charge runs might still contain such segments,
yet of different statistical description. Table 2 gives charge
clusters identified in six of the other sequences. Here cluster
refers to short segments with a statistically significant high
proportion of charged residues (see Methods). Interestingly,
although U-B, Ul-A, U1-C, and U2-B” are not similar on the
amino acid level (with the exception of the terminal regions
of Ul-A and U2-B"), they do conserve their charge config-
uration consisting of a mixed charge cluster (with basic
residues outnumbering acidic residues in a ratio of 2:1)
followed by a significantly long uncharged stretch. Multiple
significant charge clusters as in hsc70 (and CENP-B, Ul-
70kD, DNA topoisomerase I; Table 1) are rare, occurring in
less than about 4% of mammalian proteins (data not shown).

Long (+0) reiterations are evident at the amino terminus of
histone H2A.1 (residues 3-21: RGKQGGKARAKAK-
TRSSRA; pattern mismatches underlined) and in the car-
boxyl-terminal domain of the SS-B/La antigen amino-
proximal to the charge run reported above (residues 328-345:
KWKSKGRRFKGKGKGNKA). Particularly outstanding is
the highly significant (GR)y pattern in the nuclear RNA-
associated protein U-D (not shown). It is of note that long GR
runs also occur in the Epstein-Barr virus nuclear antigens
EBNA1 and EBNA2? and in the herpes simplex virus type 1
immediate-early regulatory protein IE63 (UL-54) (ref. 12; see
Discussion). (G, R)-rich regions are further found at the
carboxyl termini of nucleolin (34) and of the scleroderma
autoantigen fibrillarin, which contains eight repeats of the
motif GXRGGF (17).

Several of the autoantigens without statistically significant
charge configurations in their primary structure are highly
charged overall—e.g., the histones (all >30% charged resi-
dues), Ki (>30% charge), HMG-17 (>40% charge). Thus,
these proteins might well contain runs or clusters of charge
in their folded state, although these regions would not show
up in primary sequence analysis.

DISCUSSION

Supercharge in Nuclear Autoantigens. As a set of se-
quences, the protein targets of autoantibodies of patients
suffering from systemic autoimmune diseases stand out rel-
ative to statistical expectation and relative to comparative
sets of other proteins: they display a very high occurrence of
highly charged segments, either in the form of very long runs
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Table 1. Very long charge runs in human autoantigens targeted in SLE, SS, or scleroderma

Protein [file; length f(KRH) f(DE)]*

(+, —, 0), location,’ sequence

Disease association, comments

Acidic runs

Major centromere autoantigen CENP-B

(A27272; 594 11.8 21.2)

Nonhistone chromosomal protein HMG-1

(S02826; 215 25.1 26.0)
Nucleolar phosphoprotein B23

(S06926; 280 16.1 21.8)
Mixed charge runs
U1-70kD

(A25707; 614 25.1 18.6)

DNA topoisomerase 1
(A30887; 765 26.1 18.6)

Calreticulin precursor
(ref. 4; 417 13.7 26.1)
hsp 90kD
(S06898; 730 16.8 20.5)
Neurofilament triplet L protein
(A25227; 543 14.7 22.5)

60s ribosomal phosphoprotein P2

(0, 48, 12) at 401: E14GEGEGE(G,EGE,LGE,VE3-
GDYDSDEDE,

(0, 27, 4) at 503: ED(SD),SE3D,E3;D,ED-
EDsE,DGDE

(0, 30, 0) at 186: E4sDE,DE;DEsDE,DEDE;D4E

(0, 26, 2) at 147: DEDgE,D;ED¢FD,E,AE,

(45, 23, 11) at 407: HR(DR)3(ER),RERSRERDKERE-
R3(SR),DR4(SR),DKE;R3SRERS(KD),RDRKR>-
S:RSRERAR:(ER),KE;

(24, 17, 7) at 521: E;KGR(DR);ER3SHRSERER;3(DR);s-
EHKRGERGSERGRDE

(43, 20, 9) at 22: (HK),DKHKDREHRHKEHK;EKD-
REKSKHSNSEHKDSEK,HK(EK),TKHKDGS;EK-
HKDKHKDRDKEKRKE;K

(11, 36, 4) at 358: KDKQDE,QRLKE4DK;RKE/AED-
KED,EDK(DE);EDE,DKE,DE;D

(17, 30, 10) at 221: EKERDKEYSD,EAE;KEDKE3-
(KE);EKESEDKPEIEDYGSDEK,DGDKs

(7, 35, 12) at 478: E4(KE);EGE,GAE+A,KDESED-
TKELG,EGE;DTKESEK,E,

(4, 11, 2) at 92: E;K,DEK;E,SE,SD3;

CREST; a-satellite DNA
binding; major autoantigenic
epitope within 448-594
(ref. 29)

SLE

Scleroderma; nucleophosmin

MCTD, SLE; nuclear matrix
protein; R, 19.1%; RNA
binding domain at 271-363
(ref. 30)

DSC; K, 17.5%; second charge
cluster at 137 (30, 23, 21);
major autoantigenic epitope
within 657-765 (ref. 31)

SS, SLE (Ro antigen)

SLE

SLE; cytoskeleton; the
displayed sequence is
from mouse

SLE; the charge run is

(C27125; 115 10.4 18.3)

Ul-A (7, 3, 0) at 103: ERDRKREKRK

(S01497; 282 14.2 8.2)

preceded by an (A, G, P)-rich
run at 34-89 and is conserved
in PO, P1, and across species

SLE, MCTD; snRNP; in the
homologous U2-B" the charge
run is DKEKKKEKKK

*Sequence names refer to entries in the NBRF protein database, Release 25.0. For each sequence are displayed its number of residues and its

percentage of basic (K, R, H) and acidic (E, D) residues, respectively.

TEach run is characterized by a triplet (x, y, z), where x is the number of basic residues, y is the number of acidic residues, and z is the number
of all other residues. The location of the run within the protein is identified by the position of the first residue of the run.

of charged residues or in the form of charge clusters (includ-
ing some proportion of uncharged residues; Tables 1 and 2).
We emphasize that the long charge runs in these proteins are
in the extreme tail of the theoretical and the empirical
distribution of charge runs (see Results) and constitute in that
sense supercharge tracts. Highly charged synthetic peptides
are known to induce a strong immune response (5). Could the
supercharge in the nuclear autoantigens act in a similar way?

An involvement of mixed charge runs in recognition of
protein autoantigens in SLE is supported by the mapping of
the antigenic determinant on the ribosomal proteins PO, P1,
and P2 to their homologous carboxyl-terminal regions, based
on reactivity to the equivalent segment (KKEEKKEESEE-
EDED) of eL12 of Artemia salina (35). The serine residues
(see Table 1) are probably phosphorylated, further increasing
the acidity of these segments (36). A subset of SLE antisera
has also been shown to recognize the mixed charge run in
U1-70kD, ERKRR (37). The importance of nonspecific
charge—charge interactions is further suggested by the fre-
quently observed reactivities in SLE to several other charge-
rich structures such as proteoglycans, nucleic acids, and
negatively charged phospholipids (38) and by the crossreac-
tivities between them (DN A-proteoglycans, DNA—phospho-
lipids; refs. 39 and 40). It is clear, on the other hand, that
charge properties cannot account for all of the observations.
For example, anti-H2B autoantibodies recognize sites within
the peptidle PAKSAPAPKK (residues 3-12) but not in the
highly charged region between residues 9-23, which corre-
sponds to an accessible surface in chromatin (41). Possibly a

more generally conserved feature of the autoantigens con-
sists of extended surface structures that are charge-, proline-,
or glycine-rich (e.g., U-B, U-D, hsc70, fibrillarin).

Charge Configurations in Other Proteins. Statistically sig-
nificant charge configurations are not exclusive to the nuclear
autoantigens analyzed here and we shall discuss some such
occurrences in viral and human proteins that might have a
bearing on autoimmune phenomena.

Epstein-Barr virus, known to be associated with autoim-
mune phenomena (42, 43), harbors several proteins with
remarkable charge configurations (12). The major nuclear
antigens of the latent state all contain multiple charge clusters
and periodic patterns of charge, including long GR runs in
EBNAI and EBNAZ2. Significant charge runs are very prom-
inent in the proteins of human cytomegalovirus (but with the
exception of a mixed charge run in the DNA polymerase of
herpes simplex virus not in the other human herpesviruses),
including long acidic runs in the phosphorylated matrix
proteins UL32 (pp150), UL82 (pp65), and UL99 (pp28), and
in UL100, UL116, and US26 as well as long mixed charge
runs in UL25, UL37, and UL84 (data not shown). Adenovi-
rus hexon protein contains a (—);¢ run; the core antigen of
hepatitis B contains a positive charge cluster, the surface
antigen contains a mixed charge cluster, and the DNA
polymerase contains a negative cluster (13). The retroviral
p30%% protein shares sequence similarity with several au-
toantigens including U1-70kD and topoisomerase I (31). The
region of similarity in the viral protein is immediately amino-
proximal to a remarkably strong mixed charge run, counting
16 basic and 16 acidic residues within a stretch of 36 (13).
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Table 2. Charge clusters in human autoantigens targeted in SLE, SS, or scleroderma

Protein [file; length
f(KRH) f(DE)]*

Charge configuration’

Disease association, comments

hsc70 + cluster 246-272: 14, 3/ 27
+— cluster 506-535: 9, 10/ 30
0 run 602-642 [(G, P)-rich]

(A27077; 646 13.8 14.7)

SLE,; clathrin uncoating ATPase; hsp70s
are adjuvant arthritis (and possibly
rheumatoid arthritis) antigens

U-B +— cluster 44-65: 8, 6/ 22 SLE; snRNP; G, 15.1%; P, 17.2%
(ref. 15; 285 12.3 5.6) 0 run 113-179 [(A, G, P)-rich]
Ul-A +— cluster 88-114: 11, 5/ 27 MCTD, SLE; snRNP; the charge cluster

(501497; 282 14.2 8.2) 0 run 157-207 (G-rich)

Ul-C +— cluster 15-44: 10, 5/ 30
0 run 62-122 [(G, M, P)-rich]

(S01387; 160 13.8 5.6)

SS-A/Ro60kD +— cluster 207-257: 15, 13/ 51
(A31760; 538 15.6 12.5)
Ku-70kD +— cluster 225-254: 10, 9/ 30

(ref. 16; 609 16.7 15.8)

is conserved in the U2-B” homolog;
RNA binding site consensus at 52-59
MCTD, SLE; snRNP; P, 25.0%

SS, SLE; nuclear; RNA Y1-YS5 associated;
RNA binding site consensus at 92-161
SLE; Ku-70 and Ku-86 bind to
DNA as heterodimer; major autoantigenic
epitope within 410-609

*See footnote * in Table 1.

fCharge clusters are distinguished as either positive (+), negative (=), or mixed (+—), the latter involving substantial
numbers of basic and acidic residues. The location of each charge cluster is given by the positions of its first and last residues
followed by the number of basic and acidic residues/cluster length. 0 runs refer to significantly long uncharged segments.

What about other human proteins bearing single or multiple
charge clusters or long runs of charge? Previous analyses
have shown that charge clusters are prevalent among nuclear
and membrane-associated regulatory proteins (9, 10). Charge
runs as extreme as those prevalent among the systemic
autoantigens are very rare (Table 3; unpublished data).
Among the plasma proteins, coagulation cofactors V and VIII
and high molecular weight kininogen contain multiple charge
clusters. Protein C, which limits excess thrombin production,
features a mixed charge cluster. Reactivities to forms of these
proteins might contribute to some of the coagulation abnor-
malities seen in lupus patients who manifest anti-phospho-
lipid antibodies (lupus-like anticoagulants; ref. 44) and who
are at risk for thrombotic episodes (45). Antinucleolar auto-
antibodies are characteristic of patients with scleroderma. If
charge is a determining factor in autoimmune targeting we
would expect these patients to exhibit antibodies also to
nucleolin (which contains three acidic runs exceeding length
20; Table 3) and to the human upstream binding factor [with
two acidic tracts (—),; and (—);; Table 3].

Anionic regions occur in many nuclear proteins, and
physiological roles for these regions in their possible asso-

Table 3. Very long charge runs in some other mammalian proteins

ciation with chromatin have been speculated (46). Could the
reported prominence of charge runs among the autoantigens
be merely a consequence of the predominantly nuclear
location of the autoantigens? Two facts argue against this
possibility. (/) Several of the characteristic autoantigens are
nonnuclear yet have long charge runs (calreticulin, hsp90, the
neurofilament proteins, and the acidic ribosomal proteins;
Table 1). (i) By no means do all nuclear proteins contain long
charge runs (e.g., transcription factors often have charge
clusters but no long charge runs; ref. 9). Thus the observation
holds that the systemic autoimmune disease-associated au-
toantigens are distinguished as bearing some of the longest
charge runs found in any proteins sequenced to date, nuclear
or not. Experiments will have to show whether or not this
correlation is of etiopathological significance.

Possible Mechanisms. It appears that the charge runs and
clusters generally do not coincide with the major autoanti-
genic epitopes (compare Tables 1 and 2). Conceivably, low-
affinity nonspecific charge interactions may cause an initial
stimulation of antibodies, but less charged epitopes with
greater antibody binding potential might dominate in the
mature response (47—-49). Such antibody stimulation may be

Protein [file; length f(KRH) f(DE)]

(+, —, 0), location, sequence

Acidic runs
Nucleolin
(S04631; 707 16.4 24.9)

Upstream binding factor
(ref. 32; 764 20.7 21.1)
Mouse Hox1.1 homeotic protein
(A28329; 229 13.1 15.7)
Human N-myc
(TVHUM2; 464 13.8 14.2)
Mixed charge runs
Mouse MHC class III 42-kDa polypeptide
(ref. 33; 375 21.6 18.7)
Mouse Hox3.1 homeotic protein
(S00548; 242 16.9 13.6)
Ig-6 C-region
(DHHU; 383 12.59.7)
Mouse fos-B
(S04108; 338 9.5 12.4)

(0, 38, 0) at 234: (ED),E;D,EDEDsED,ED4ED;E;,
(0, 25, 2) at 143: EDSDE;3;D;SE,;DE,D,(ED)4E

(0, 24, 1) at 185: EDED,ED,ED,EDsE,D,SE;

(0, 21, 0) at 678: E;D,E,DED,(ED),E4D,E

(0, 25, 3) at 715: EDESEDGDENE,D,ED(ED)3(ED),
(0, 16, 0) at 214: DE;5

(0, 13, 0) at 264: D,ED,E;DE,

(32, 28, 4) at 184: (RS);RDRSHDRS(RD);KE(RD);(KD),(RD),KE(RD)sRERDRE
(5,17, 4) at 217: RDE;KYE;GNEKE,KE,NKD
(6, 9, 1) at 140: E;K3(EK),E,QF;RE

(6, 5, 1) at 153: E4KR,VR;ER

See footnotes to Table 1.
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enhanced by the multivalency of many of the antigens that
incorporate multiple charge clusters or internal repeats (e.g.,
fibrillarin, U1-A, U1-B, U1-C) or that occur in large com-
plexes (e.g., chromatin, PO-P1-P2 complexes, RNPs). Al-
ternative mechanisms for charge-promoted autoantibody
production are also possible. Mature antibody responses to
nuclear autoantigens are influenced by MHC molecules and
are dependent on T-cell help (50-54). The identified charge
sequences may participate in more specific interactions with
these polymorphic receptors to determine the magnitude of
the response. They may also promote nonspecific cellular
immune responses by their ability to facilitate uptake by
antigen-presenting cells. This possibility is supported by the
presence of charge-sensitive phagocytic responses in mac-
rophages (55-57). By this mechanism charged proteins or
nucleic acids may augment immune reaction to uncharged
proteins to which they are complexed (e.g., Ku86-70).
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