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The Location of DNA in RecA-DNA 
Helical Filaments 

The helical filament that the RecA protein of Escherichia coli forms around DNA is the 
active apparatus in protein-catalyzed homologous genetic recombination. The actual 
position of DNA within this complex has been unknown. Image analysis has been 
performed on electron micrographs of filaments of RecA on double-stranded DNA 
and on single-stranded DNA to visualize a difference that is consistent with one strand 
of the double-stranded DNA. This localization of the DNA gives additional infonna- 
tion about the unusual structure of  DNA in the complex with RecA protein. 

T HE KEcA PROTEIN OF Escherichia coli 
has been the most extensively studied 
enzyme of general (homologous) ge- 

netic recombination (1-3). In in vitro sys- 
tems this enzyme alone can mediate the 
recognition and strand exchange between 
two homologous DNA molecules, the cen- 
tral events in homologous recombination. 
The biologically active form of the RecA 
molecule, both in vivo (4) and in vitro (5, 
6), is a polymer, and all available evidence 
suggests that the structural framework for 
the strand exchange is a helical polymer of 
RecA that forms around one DNA molecule 
that is either single-stranded or has a single- 
stranded region. Homologous recognition 
and strand exchange then occur when a 
homologous DNA molecule is brought into 
this complex. We report a direct localization 
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of a significant feature that we interpret to 
be the DNA within the complex initially 
formed by R e d  around a DNA molecule. 
This observation, based on conventional 
negative-stain electron microscopy, was 
made possible by image processing that has 
revealed a feature (one strand of DNA) that 
accounts for about 2.5% of the total mass of 
the com~lex. The method we have used is 
both siLple and powerfd and can readily be 
applied to other polymeric protein-DNA 
structures. 

RecA filaments were prepared on both 
single-stranded DNA (ssDNA) and double- 
stranded DNA (dsDNA) in the presence of 
a relatively nonhydrolyzable adenosine tri- 
phosphate (ATP) analog, ATP-$3. Fila- 
ments were negatively stained with uranyl 
acetate, and electron micrographs were tak- 
en on film (Fig. 1).  Images of more than 
100 filament sections (where each filament 
section was typically from 1500 to 3000 A 
long) were scanned with a digital densitom- 
eter, corrected for curvature ( 7 ) ,  and Fouri- 

er-transformed. The Fourier transform of 
the projection of a helical object is nonzero 
everywhere except on layer lines, where the 
spacing of the layer lines is related to the 
pitch of the helices from which they arise 
(8). Three layer lines were extracted from 
each filament transform (Bessel function or- 
der 0, 1, and 2), all arising from the right- 
handed 95 A pitch helix in the RecA fila- 
ment. After filaments with marginal data 
were excluded, two average data sets were 
generated: a RecA-ssDNA set from 44 fila- 
ments and a Red-dsDNA set from 39 
filaments. The up-down phase residuals (9)  
for each of the individual filaments against 
the average, which is a measure of both the 
polarity of the structure and the quality of 
the data, are shown in Fig. 2. The averaged 
layer line data were then used to generate 
the helically projected density distribution 
of the filament (Fig. 3), which corresponds 
to a cross section of the filament that has 
been averaged along the 95 A pitch helix. 

Because the difference between the two 
data sets has a component that is due entire- 
ly to noise (sample statistics) and a compo- 
nent that is physically meaningful but small, 
we have generated a difference map that is 
expressed in units of standard errors. To do 
this, we have determined the standard error 
of the mean (SEM) at every pixel in each of 
the two average maps, 

SEM,, = 
[(n - 1 ) n 1 ' / ~  

(1) 

where is the density at point iJ in the 
kth map. The standard error at every point 
in the difference map is then: 

The densities in the difference map can then 
be divided by the standard error at every 
point in the difference map to show the 
significance of features. The result is shown 
in Fig. 3, in which only one strong feature 
emerges, with a peak value of 4.8 standard 
errors. This feature is thus quite significant 
statistically, and we interpret it to be one 
strand of the dsDNA and not a conforma- 
tional change of the protein or the staining 
pattern, for-four reasons. 

1) Because the DNA in the RecA-DNA 
complex follows the RecA helix, stereo- 
chemical constraints dictate that the axis of 
the dsDNA cannot be more than 17  A 
radially from the RecA filament axis (10). 
The feature that we observed is centered at a 
radius of about 7 A, consistent with this 
constraint. 

2) The DNA within the Red-DNA 
complex must be accessible to external DNA 
molecules. Parts of DNA in the complex 
with RecA can be methylated by dimethyl 
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sulfate (1 1, 12), so the DNA must be located 
in a partially exposed position within the 
deep helical groove of the RecA filament. 
The difference peak is located at the edge of 
the RecA-&DNA cross section, consistent 
with this constraint. 

3) We know the stoichiomeay of the 
Red-&DNA complex (13) (3 bp per 
R e d )  and the R e d  molecular weight (14), 
37,842, so we know that &DNA accounts 
tbr about 5.0% of the total mass of the 
RecA-&DNA complex. Thus, one strand of 
&DNA would account for about 2.5% of 
the mass of the RecA-&DNA filament. Be- 
cause the density of DNA is almost 50% 
greater than that of protein, and if negative 
staining is purely related to volume, then the 
volume of a single strand would be about 
1.7% of the total volume. The total integrat- 
ed density of the main difference peak that is 
seen is about 1% of the total integrated 
density of the Red-&DNA map. Because 
the peak is positive and in good agreement 
in size with what one would expect from the 
simplest assumptions, the DNA appears to 
be simply excluding stain penetration in the 
same manner as the protein. 

4) We have done a series of control ex- 
periments that support the view that the 
differences are real and reproducible. When 
independently prepared samples of filaments 
from the same population are compared, no 
statistically significant differences are seen 
(data not shown). We have averaged 48 

Fig. 1. Electron micrographs of (A) R e d -  
ssDNA filaments and (B) Red-&DNA fila- 
ments. The ssDNA is M13mp8 (7229 bases), 
whereas the &DNA is 0x1 74 (5386 bp). Because 
of residual secondary structure in the ssDNA, 
which the R e d  protein cannot fully melt, the 
ssDNA in (A) is not fully covered by R e d  and 
thus has a smaller contour length than that of the 
&DNA in (B). The two sets of filaments, both 
prepared with the ATP analo ATP-1-S are 
characterized by a helical pitch ofabout 95 1 and 
are indistinguishable to the naked eye. Because 
R e d  unwinds DNA, nicked dsDNA circles were 
used to allow complete R e d  binding. The scale 
bar is 1000 A. 

RecA filaments formed on the single-strand- 
ed polyribonucleotide poly(rA), and, when 
this map is compared with the map of R e d  
on ssDNA (averaged from 44 filaments), 
the largest difference within the boundaries 
of the two filaments is only 1.5 standard 
deviations. Similarly, a sample of 27 R e d  
filaments on &DNA was independently pre- 
pared and processed. The largest difference 
that was observed between this average and 
the previous average of 39 filaments on 
&DNA was only 1.6 standard deviations. 
Thus, the possibility that the difference that 
we see arises from systematic errors between 
two different data sets appears unlikely. 

Testing this observation by looking at 
difference maps between RecA self-poly- 
mers and both Red-ssDNA filaments and 

RecA-&DNA filaments is not possible, be- 
cause Red-ATP-y-S filaments do not ap- 
pear to form in the absence of polynucleo- 
tides (15). We can also not exclude the 
possibility that the difference is entirely due 
to a conformational change in the protein 
between binding ssDNA and &DNA, but 
this seems unlikely, given the arguments 
presented above for why the difference is 
consistent with DNA. The feature that we 
see arises from a difference at 1/24 A-' in 
the transforms (a peak at a radius in recipro- 
cal space of R = 0.040 A-' on the 1/95 A-' 
layer line), so it is consistent with the resolu- 
tion obtainable by conventional negative 
stain. 

These observations have implications for 
understanding the Red-mediated strand 

Fig. 2. After the layer line 
data had been averaged to- 
gether, an average layer line 4 
set was created from 39 ; 30.0 
Red-&DNA filaments and e 
44 RecA-ssDNA filaments. 8 PCr .v -%. 31m :4.: . r 
The layer line data are com- 2 k: - 
plex and have both ampli- 260.0 60.0 
tude and phase. The ampli- 
tude-weighted phase differ- g 
ence, or residual, in degrees, 90.0 90.0 
between each of the individ- 90.0 60.0 30.0 0.0 90.0 60.0 30.0 0.0 
ual filaments and the aver- 
ages are shown [for ssDNA Best phase residual 

in (A) and for &DNA in (B)]. Each filament yields two phase residuals, one for each polarity it is tested 
with against the average. If the RecA filament were nonpolar or if data were averaged together 
randomly, points would be grouped along the diagonal line, which is the locus of points having equal 
residuals for both polarities. For the Red-ssDNA filaments, the average "best" residual was 32' and the 
average "worst" residual was 44". For the Red-&DNA filaments, the average "best" residual was 36" 
and the "worst" residual was 49". 

Fig. 3. The three averaged layer 
lines (layer line numbers 0, 1, and 
2, with Bessel orders 0, 1, and 2, 
respectively) from each of the two 
sets can be used to generate the 
helically projected density distribu- 
tions for (A) Red-dsDNA and 
(B) Red-ssDNA, where the heli- 
cal projection is along the 95 A- 
pitch right-handed helix. The cross 
marks the helix axis, and the scale 
bar is 20 A. The lowest contour has 
been chosen to give the correct 
molecular volume for the filaments. 
On an arbitrary scale where the 
peak density in each of these two 
maps is 60, the largest SEM at any 
point in the Red-dsDNA map is 
2.2 units and in the RecA-ssDNA 
map is 1.8 units. The largest error 
occurs in the RecA-dsDNA map 
outside of the filament boundary. 
Because contour steps are 2 units in 
the scale used, the error in each of 
these maps is therefore less than one contour step. The difference map, [(Red-dsDNA) - ( R e d -  
ssDNA)]/udif, is shown in (C) (see text). The contours in (C) are drawn in steps of 0.5 standard error, 
with the lowest contour at 3 standard errors. The largest peak, interpreted as a single strand of &DNA, 
is a difference that has a peak value of 4 . 8 ~ .  The helical projection in (D) is that obtained from a single 
strand of the dsDNA shown in Fig. 5, B and C, where the two phosphodiester backbones are 
equidistant from the R e d  filament axis. The helical projection in (D) has been created with 20 A 
resolution to compare with the real data. 
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exchange reaction. The localization of the 
second DNA strand yields more detailed 
infbrmation on the unusual structure of 
DNA within the RecA filament. Although it 
has been shown that the. axially .projtcnd 
rise per base pair of &DNA is 5.1 A in the 

Flg. 4. Thrcc schematic models for the possible 
arrangement of cisDNA in the complex with 
RecA. The radius of the solid cylinders, represent- 
ing the phosphate backbones, is 15 A in (A), 10 A 
in (B), and 6 A in (C). All three saucturcs would 
give rix to the observed 5.1 A axial rise per base 
pair, but the local separation between base pairs 
along the phosphate backbone would be 7.2 A in 
(A), 6.1 A in (B), and 5.5 A in (C). 

RccA filament (I@, the unknown radial 
position ofthe DNA strands in the filament 
has meant thar the local rise along the 
phosphate backbone could be anywhere 
fkin 5.1 to 7.6 A (the stereochemical maxi- 
mum), because the larger the helical radius 
of the base pairs, the longer the path length 
would have to be along the phosphate back- 
bone. The local rise per base pair along the 
phosphate backbone, a, would be a function 
of r, the radius of the phosphate backbone: 

given that one turn of the 95 A pitch DNA 
hdix contains 18.6 bp (13). The two strands 
in &DNA appear to be base-paired in the 
RocA filament (12), and this fact has been 
incorporated in three schematic &DNA 
models in Fig. 4. All these models are 
consistent with the 5.1 1( projected rise per 
base pair but have local separations between 
base pairs along the phosphate backbone of 
from 5.5 to 7.2 A. The observed di&:rence 
pcak can be used to distinguish between 
these models. 
Because of the base pairing, the local 

center of mass between base pairs must be 
about 5 A from the center of the difference 
pcak that arises ftom one of the strands. The 
=DNA (and the strand of the &DNA that is 
bound to the RecA) would not be located 
on the side farthest from the protein, so that 
the local center of mass between the base 
pairs must be within about 7 A from the 

A B C Flg. 5. The position of 
dsDNA in the RecA fila- 
ment can be used in com- 
bination with existing data 
to generate a starting 
model for understanding 
the DNA structure in the 
R d - D N A  pmynaptic 
filament. The model in 
(A)  is for R-form po- 
ly(dA)-poly(dT) (10 bp 
p r  turn. 3.4 A risc per 
base pair). whereas (8) is a 
stretched and unnvisted 
DNA (18.6 hp per turn. 
5.1 A rise per base pair). as 
it \vould bc in the comples 
with RecA. The model in 
(BI has k e n  crcatcd with 
both strands equidistant 
from the helical axis. so 
thar they are of equal 
length and symmetrical. 
The radial position of the 
strands is similar to the 

schematic model in Fig. 4C. The data of DiCapua and hluller 
(12) show that RecA protects N-3 of adenine. located in the 
minor groove of B-DSA, and shown by the large \vhitc atoms 

in (B) indicated by the white arrow. Dombroski er dl., using anthramycin. n.hich hinds in thc minor 
groove, came to the same conclusion that RecA binding is along the minor groove (18). The major 
groo~~e, indicated by the black arrow in (R). u.ould be exposed in the RccA-dsDNA complex, shown in 
(C). The filament in (C), which is the surface generated hy the helically averaged cross section of RecA 
on ssDNA shown in Fig. 3B, is oriented with the 3'  end of a resident ssDSA strand at the top. as 
determined by image analysis (9). 

RccA filament axis. Thus, the local rise per 
base pair along the phosphate backbones in 
the DNA would be between 5.5 and 5.7 A. 
The existence of base pairing suggests that 
the two strands may be in equivalent geome- 
tries, which would require that the center of 
mass of each strand be at the same helical 
radius. This would be consistent with the 
model in Fig. 4C and would exdude the 
DNA coiling at the larger radii shown in 
Fig. 4, A and B. 

The existence of only one peak in the 
difference map (ds - ss) sho& that one 
strand of the &DNA in the R e d  filament 
occupies the same position that ssDNA 
docs. This assumption has been made in 
cmain models for Red-mediated ss-ds and 
ds-ds strand exchange reactions (2), and our 
observation provides direct evidence in sup- 
port of this model. 
Because &DNA within the RecA fila- 

ment appears to be base-paired (12), B-form 
&DNA can be untwisted and stretched, as 
shown in Fig. 5B, to serve as a starting point 
b r  undemanding the structure of DNA 
within the R e d  filament. We have com- 
bined existing data on DNA structure in the 
RccAdsDNA filament (10, 16) with the 
new information on the position of DNA to 
obmin a model (Fig. 5C). The most saiking 
feature of this model is how exposed the 
base pairs would be to external DNA mole- 
&-at the same time that one fice of the 
DNA is completely protected by the R e d  
protein. A key question has been how the 
R e d  protein mediates recognition between 
a DNA molecule that is in the extended 
brm shown in Fig. 5B and an external DNA 
molecule in solution with a form like that 
shown in Fig. 5A. Recent evidence (17) 
suggests that a second, external DNA mole- 
cule is not free in solution but is bound to 
the RccA protein, independent of homology 
between the two DNA molecules. RecA 
protein will then stretch the second DNA 
molecule, so that the axial rise per base or 
base pair of both are the same. The deep 
groove of the RecA helix (Fig. 5C) can 
easilv accommodate a second DNA mole- 
cu~e,'asmayals~ beseninthecross sections 
of Fig. 3, A and B. Future studies should be 
directed toward localizing a second DNA 
molecule when it is taken into the R e d  
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Activators of Protein &ase C Induce 
Dissociation of CD4, But Not CD8, from ~56''' 

The CD4 and CD8 T cell receptor accessory molecules can both be isolated from T 
lymphocytes in association with p56Ick, a membrane-associated, cytoplasmic tyrosine 
protein kinase that is expressed exclusively in lymphoid cells. The enzymatic activity of 
p56lck may therefore be regulated by CD4 and CD8 and be important in antigen- 
induced T cell activation. Exposure of  human T cells and some mouse T cells to the 
tumor promoter 12-O-tetradecanoyl phorbol-13-acetate (TPA), an activator of pro- 
tein kinase C, caused the dissociation of p56Ick and CD4. Activation of protein kinase 
C may therefore interrupt regulation of p56lck by CD4 and alter the ability of p56lck 
to interact with polypeptide substrates. In contrast, exposure of cells to TPA did not 
cause dissociation of  p56lck and CD8. Regulation of p56'ck by CD4 may therefore 
differ from regulation by CD8. 

T HE p56'ck PROTEIN IS A MEMBER OF 

the src family of cellular tyrosine 
protein kinases (1). It is found in 

essentially all T cells (I) ,  where it is pre- 
sumed to bind to the cytoplasmic face of the 
plasma membrane. A continuing question 
has been whether the protein kinases of this 
family are regulated directly by proteins 
expressed on the cell surface. The finding 
that p56'ck is physically associated with the 
T cell accessory molecules CD4 and CD8 
(2) suggests that its activity may be regulat- 
ed by these molecules during T cell activa- 
tion. This is of potential significance in the 
control of lymphoid cell proliferation and 
development because expression of constitu- 
tively activated p56'Ck can induce unregulat- 
ed proliferation of fibroblasts (3). In addi- 
tion, it has been reported that cross-linking 
of CD4 with antibodies increases the in 
vitro tyrosine protein kinase activity of 
p56'ck (4). 

The CD4, CD8, and p56'ck proteins all 
undergo phosphorylation on serine when 
lymphoid cells are treated with phorbol 
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esters (5-8) that are activators of protein 
kinase C. The fimctional consequences of 
these induced phosphorylations are not well 
understood, although the phosphorylation 
of CD4 may induce the internalization of 
this molecule (5, 6, 9). We now compare the 
properties of the complex of CD4 and 
p56lCk with those of the complex of CD8 
and p56lCk, wlth particular emphasis on the 
effects of activation of protein kinase C. 

We studied the interaction of CD4 and 
CD8 with p56lCk in HPB-MLT, a human 
leukemia T cell line (10) that expresses both 
CD4 and CD8 (Fig. 1). At least 30% of 
p56'ck is in association with CD4 and at 
least 10% is in association with CD8 in this 
cell line (Fig. 1C). An immunoprecipitate 
prepared from these cells with the OKT4 
antibody to CD4 (anti-CD4) was assayed 
for protein kinase activity by incubation 
with [y-32~]-labeled adenosine triphos hate 

c! (ATP). Incorporation of 32P into p561 (1 1) 
(Fig. lA, lane 3) and into an exogenous 
substrate, acid-denatured enolase (Fig. lB, 
lane 3), was observed. In contrast, no label- 
ing of p56'Ck (Fig. lA, lane 4) and much 
reduced labeling of enolase (Fig. lB, lane 4) 
were detected when a similar immunoprecipi- 
tate from cells that had been exposed to 12-0- 
tetradecanoyl phorbol-13-acetate (TPA) for 
15 min was examined, the level of immuno- 
precipitated kinase activity being reduced 

seven- to tenfold. This effect of TPA was 
probably due to activation of protein ki- 
nase C. Treatment of cells with dimethyl 
sulfoxide (DMSO) (the solvent in which 
TPA was dissolved) or with 4-P-phorbol (an 
analog of TPA that does not activate protein 
kinase C) was without effect (12). Con- 
versely, treatment with the synthetic activa- 
tor of protein kinase C, l-oleoyl-2-acetyl- 
glycerol, had an effect similar to that of 
TPA (12). 

The reduced p56'Ck protein kinase activity 
associated with CD4 in cells treated with 
TPA was not caused by loss of p56'Ck after 
TPA treatment. Neither the precipitation of 
p56lCk with a rabbit antiserum to p56'ck 
(a11ti-~56'"~) (13) (Fig. lA, lane 8) nor the 
protein kinase activity of p56'ck (Fig. lB, 
lane 8) was inhibited by treatment with 
TPA. However, the gel mobility of p56'ck 
was altered markedly. Approximately 30 to 
50% of the p56'ck from TPA-treated cells 
that became labeled with 3 2 ~  in vitro migrat- 
ed with an apparent molecular size of 60 to 
65 kD (Fig. lA, lane 8). The retarded gel 
mobility results from the increased phos- 
phorylation of the protein on serine (14) and 
threonine (15) residues. The reduced precip- 
itation of p56'Ck by OKT4 was also not due 
to inhibition of the precipitation of CD4 by 
TPA treatment. Exposure of cells for 10 min 
to TPA did not affect the immunoprecip- 
itation of CD4 that had been labeled by cell- 
surface iodination (12). 

Analysis of the same immunopreci itates 
by protein blotting with anti-p56'cP anti- 
bodies showed that the precipitation of 
p56'ck by OKT4 was undetectable after the 
exposure of the cells to TPA (Fig. lC,  lane 
4). The lack of labeling of p56'Ck during 
incubation with ATP in vitro therefore was 
not the result of inactivation of the protein 
but rather the result of dissociation of the 
complex of CD4 and p56'ck. We have also 
examined the effect of the treatment of T 
cells with TPA on the association of p56'ck 
with CD4 in two other human leukemia T 
cell lines, VB (16) and D-CEM. In both, 
treatment with TPA induced an almost com- 
plete dissociation of CD4 and p56'ck in less 
than 30 min (12). 

Identical protein kinase assays of immu- 
noprecipitates prepared from HPB-MLT 
cells with the OKT8 antibody to CD8 (anti- 
CD8) showed relatively weak labeling of 
p56lCk by autophosphorylation (Fig. lA, 
lane 5). Protein blot analysis with anti- 
p56lCk antibodies showed that p56'ck was 
present in the anti-CD8 immunoprecipitates, 
(Fig. lC, lane 5) at a threefold lower con- 
centration than in OKT4 immunopre- 
cipitates (Fig. lC, lane 3). The p56'ck associ- 
ated with CD8 was, however, active in the 
phosphorylation of enolase (Fig. lB, lane 
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