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Summary 

limited proteolysis of T4 helix destabilizing protein (gene 32 pro-

tein = gp32) produced three stable products, gp32*1, gp32*11 and gp32*111 

[Moise and Hosoda, (1976) Nature, 295: 455-458]. Gp32*1 and gp32*111 pro-

duced by chymotrypsin digestion were purified by duplex-DNA-cellulose column 

chromatography and their amino acid compositions, NH2 - terminal sequences 

and isoelectric points were compared with those of the undigested gp32. 

Results indicated that removal of an acidic peptide (A) from the CO.OH -

terminal of gp32 produced gp32*1. Removal of a basic peptide (B) from the 

NHi terminal of gp32*1 prod~ced gp32*111. The purified gp32*1 was a far 

stronger h~lix destabilizer than gp32. In the presence of gp32*1 .the tern~ 

perature at the midpoint of the helix-coil transition of T4 DNA was lowered 

+ + + + over 70° at 12 mM (i~a + K) and 56° at102mM (Na + K ). No extens,ive 

melti,ng, of T4 DNA was observed in the presence of gp32 before thermal 

denaturation of the prntein occurred. With 10 mM Mg 2+ ion the helix-coil 

transition of T4 DNA in the presence of gp32*1 was reversible. 

Proteolytic digestion of gp32 bound to single-stranded DNA indicated 

that the NH 2 - term1nal was inside of the complex because it was protected 

from proteolytic enzymes while the COOH- terminal was outside because it 

was as or more vulnerable to proteases than when in .unbound gp32. 
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The gene 32 product (gp32) of bacteriophage T4 plays an essential 

role in many reproduction processes: DNA replication (2,3), recombination, 

(4,5) repair (6,7) and chromosome protection (8). This protein, first 

isolated and characterized by Alberts and his colleagues (9,10) is the 

prototype of helix destab11izing proteins which have been isolated from 

many organisms. The helix destabilizing proteins, in general, bind ex-

elusively or preferentially toss or coil-form DNA thus destabilizing the 

helix by shifting helix-coil equilibrium. 

Alberts and Frey (10) showed that the Tm of synthetic poly [d(A-T)] 

was depr~ssed by the presence of saturating amou~ts of gp32. Jensen et aZ 

(12) further demonstrated that gp32-induced melting of poly [d(A-T)] 

followed thermodynamically predicted patterns. Strangely however, gp32 

does not seem to be an efficient des~abilizer of naturally occurring ds-DNA. 

Alberts and Frey reported that T4 DNA was not melted by gp32 addition under 

37° at any ionic stre11gth they tested. Delius e~ at. .(13) showed electron-

microscopically that without added gluteraldehyde to drive the reaction 

forward only a very small AT:..rich portion of :>.-DNA was denatured by gp32. 

Jensen et aZ (12)' examined the structural perturbation of various synthetic 

nucleotides and naturally occurring DNAs induced 1by gp32 binding. They 

concluded that the melting of naturally occurring (GC-containing) DNA by gp32 

is kinetically blocked. 

Hosoda et aZ. (14) reported the presence of a new protein with a 

molecular weight of 27,000 in gp32 (molecular weight 35,000) preparations. 

This protein, named P32•': was derived from gp32 by proteolytic cleavage 

during purification and sto~age. When a mixture .containing gp32 and P32•': 

was added to ds-Dt!.'l., P32•" bound tightly to the DNA while gp32 did not. 

( 
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Electron-microscopic examination of the P32''<-DNA complex revealed that P32''' 

induced T4 DNA denaturation and bound cooperatively to the denatured loops. 

When a saturating amount of P32* was added, the complex looked like a 

string of large protein-covered loops connected by very short stretches of 

ds-DNA. Thus, P32* appeared to be a strong helix destabilizer capable of 

nearly complete melting of T4 DNA under conditions in which gp32 caused no 

transition. 

Treatment of gp32 with trypsin, chymotrypsin or pepsin produced three 

stable cleavage products with different DNA binding affinities. These are 

designated gp32*1. gp32*11 and gp32*111 with respective molecular weights 

estimated to be 27,000, 34,000 and 26,000 based on their mobilities in SDS 

polyacrylamide gels (1). Column chromatography of the mixture on ds and 

ss-DNA-cellulose indicated the following combinations of affinities: 

I) Intact gp32 bound tightly toss f)NA-cellulose but no binding to ds-DNA

cellulose was detected. 2) Gp32*1 bound as tightly toss-DNA as gp32 and 

additionally bound to ds-DNA cellulose. We assumed that this strong ds bind

ing is due to protein induced DNA melting and binding to the ss regions. 

3) Gp32*11 bound·more weakly toss DNA and had no detectable binding 

affinity for ds-DNA. 4) Gp32'~111 also bound poorly to ss-DNA but had an 

affinity for ds-DNA less than that of gp32*1, but far stronger than the 

intact gp32. From these DNA binding affinities, molecular weights and the 

order of their appearance and disappearance during proteolysis, we proposed 

the following model. The native gp32 molecule has two protrucing poly

peptide domains which are susceptible to proteinase attack. Digestion 

within one region removes A-peptide from one end of the molecule and 

digestion in another removes B-peptide from the other end. Removal of 
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A produce$ gp32*1, removal of B produces gp32*11, and removal of both 

gp32*111. A-peptide has an inhibitory effect on binding to and/or 

melting of ds-DNA and B-peptide is required for tight binding to ss-ONA. 

In this paper, we report the purification of gp32*1 and gp32*111 from 

chymotryptic digests of gp32, their amino acid compositions, amino acid 

sequences near the NH
2 

- terminal and isoelectric points. Proteolytic 

digestion of DNA-bound gp32 was done to examine the relative positions of 

A- and B-peptides within the complex. The effect of protein binding on ds

DNA stability was monitored by absorbance spectroscopy . 
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Materials and Methods 

DNA-Cellulose. We have used three different celluloses as carrier of both 

ds- and ss-DNA: They were CF-11 from ~:hatman and Cellex 410 and Cellex Nl 

both from BioRad. The amount of gp32 (or gp32*1 in the case of ds-DNA-cellu

lose) retained per bound DNA was always greater with Cellexes than CF-11. 

Between the two BioRad products, Cellex-Nl performed better in that there was 

less gp32 (or gp32*1) eluted by 0.6N NaCl than from.Cellex 410 columns. We 

preferred not to use the 0.6N eluate because it was contaminated with more 

proteins than the 2.0N eluate so use of Cellex Nl greatly increased our yield. 

ss-DNA cellulose was prepared as described by Alberts and Herrick (15) 

from calf thymus DNA (Sigma Type I) and Cellex Nl (unwashed). ds-DNA cellulose 

was irradiated as described by Litman (16) with several modifications: 100-

200 mg DNA (Sigma Type 111, salmon testes DNA, highly polymerized) was dissolved 

in sterile distilled water in the cold with stirring overnight and adjusted to 

3 mg DNA/ml. A DNA-cellulose paste was made and air dried for several days 

then gently pulverized and stored in a vacuum dessicator. 10 g portions were 

suspended in 200 ml 100% ethanol in a shallow pyrex dish (3 qt.) on a reciprocal 

shaker and irradiated with a mercury lamp (General Electric, G15T8, 15 w) placed 

11 em from the surface for 60 min (4 x 105 erg/cm2). The irradiated cellulose 

was washed and dried as described by Litman (16) and kept in a vacuum 

dessicator. 

To measure DNA content, 50-100 mg of DNA-cellulose were suspended in 

10 ml of 0.5 N perchloric acid in a glass centrifuge tube and heated in a 

~oiling wa~er bath for 10 .minutes. After centrifugation, absorbance of super-

natant was measured at 260nm. With the same treatment the carrier 

cellulose released negligable A260 material. 

" 
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Amounts of DNA per packed column were calculated (assuming 1 g of 

cellulose makes 3 ml of packed column) and expressed as OD units per mi. 

One 00 unit corresponds to 110 nmole of DNA-nucleotides assuming the molar 

extinction coefficient of acid degraded calf thymus or salmon testes DNA 

'd' H . . 1 9 103 M-l -l (17) at an ac1 1c p IS approximate y x em . . 

DNA-celluloses were suspended in B-buffer (O.lN NaCl) and left in 

the cold for a day with occasional stirring. The supernatant was decanted. 

Only a few per cent of the bound DNA was lost in this washing procedure. 

Cellulose was resuspended in fresh B-buffer (0.1 N) without mercaptoethanol 
0 

and stored at -20 . 

Protein Concentrations. Protein concentration was measured by absorbance 

at 280 nm. Even though gp32, gp32*1 and gp32*111 should have dlfferent molar 

1% 
extinction coefficients the extinction coefficient E2SOnm = 11 for gp32(10) 

was used for all three. 

Preparation of Gp32. For initial and [35s] labelling experiments gp32 was 

prepared from amBL292 infected cells as described previously (1,14). In later 

,experiments a double amber mutant in genes 33 and 55 (amN134-amBL292) was 

used and the growth medium was changed to broth containing per one liter, 

Bacto nutrient broth 8 g/Bacto peptone 5 g/NaCl 5 g/Dextrose 1 g. (All 

ingredients obtained from Difco)~ The gp32 preparative procedure was 

essentially as described by Alberts and Frey (10) with modification as 

follows. The minimal NaCl concentration in all buffers, including soni-

cation and DEAE-cellulose column buffer, was raised to O.lN so gp32 would 

not be exposed to conditions of low ion.ic streng.th (18). After sonication, 

before the addition of DNase, TPCK (Sigma, fina,l concentration of lmM) 

was added to prevent digestion of gp32 by chymotrypsin B contaminating the 
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DNase preparation (1). Even with this treatment crude gp32 preparations 

seemed to contain several different proteases therefore delays)i_ncluding 

prolonged dialysis)were avoided as much as posslble. Both the DNA-cellulose 

and DEAE-cellulose column chromatography systems were scaled up to accommodate 

the elevated level of gp32 production by the double mutant. A 50 g wet-

cell pellet yielded 130- 170 mg gp32 as the 2N-NaCl eluate from a DNA

cellulose column. A 2.8 em x 24 em column containing 4500 OD units of ss-

DNA on Cellex Nf was used for 50 g wet-cell preparation. A 2.0 em x 13 em 

column of DEAE-cellulose was used fo~ 120 mg gp32. Elution rates and volumes 

of eluants were scaled up proportionally. In sqme cases a sizing step with 

a BioGel P60 column was inserted between DNA-cellulose and DEAE-cellulose 

column ch~omatography. Five to 8 ml of gp32, (2N - eluate from DNA-

cellulose either directly or after concentration by.exposing the protein 

in a dialyzing bag to solid sucrose (Enzyme grade, Schwartz/Mann) for a 

fe-1'1 hours in the cold), were applied to 450 rnl BioGel-P60 in B-buffer (0.1 N). 

Over eighty percent of the gp32 was in a large aggregate so it was eluted 

at the break-through volume. This step seemed to remove a substantial part 

of the contaminating proteases. 

Preparation of Gp32*1 and Gp32*111. Digestion procedures and ds-DNA-cellulose 

column chromatography are described in the results and in the legend of 

Figure 1. Further purification of gp32~~1 (2N-NaCl-eluate) or gp32~'•lll 

(0.3N-eluate) was by DEAE-cellulose column chromatography. Gp12*l (20 mg) 

was dialized overnight against 19 volumes of B-buffer without NaCl so 

that the final NaCl concentration would be O.lN or less, applied to a 

DEAE-cellulose column (15 ml) in B-buffer (O.lN) and eluted with 90 ml of 

linear NaCl gradient (O.lN to 0.5N). Rate of application and elution was 

.. 

,, 
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6. 3 ml/h and 1.5 ml fractions were collected. Gp32*1 I 1 (4 mg) was dia·l ized 

against a large volume of B-buffer (O.OSN), applied to a 5 ml column in the 

same buffer, and eluted with 40 ml 0.05 to 0.5 N NaCI linear gradient at the 

rate of 1.8 ml/h. 0.7 ml fractions were collected. Fractions were examined 

for purity by SDS polyacrylamide gel electrophoresis and those with more 

than 2% cross-contamination were discarded . 

Storage of Proteins. Purified gp32, gp 32*1 and gp32*111 ~t concentrations 

higher than 1 mg/ml were kept at -20° in B-buffer with O.lN or higher NaCI. 

Repeated freezing-thawing was avoided as much as possible by freezing pro-

teins in small portions. There was no indication that at these higher con-

centrations either gp32 or gp32*1 lost their binding or melting activity by 

a few freeze-thaw cycles. However proteins at concentrations lower than lmg/ml 

were very vulnerable to freeze-thaw. Therefore these preparations were either 

concentrated or made 50% (v/v) with glycerol and, then stored at -20°. Con-

centration was accomplished by solid sucrose as described in the previous 

section for gp32 preparation. The concentrated preparation was dialized 

against a ~esired buffer before freezing. 

lsoelectric Focusing of Proteins in PolyacrylamideSiab Gels. The gel was 

prepared as described by O'Farrell (19) with the. following modifications. 
\ 

The gel was made in a I im1 thick slab using the 
1
same apparatus as used for slab

gel electrophoreisis (20), with comb making 8 mm,-wide .1 em-deep sample slots. 

Polymerization was achievedby adding 100JJ9 riboflavin-'-5'-phosphate (Calbiochem) 

and lOJJl N,N,N',N' - tetraethylene' diamine per 20 ml of gel mixture and exposing 
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to light. Ampholite (LKB) of pH range 3-10, final concentration of 2% was .used. 

Side and bottom plastic pieces were sealed by high vacuum non-silicone grease 

instead of agar. 15 mg of urea (ultra pure, Schwartz/Mann) and 35~1 of lysis 

buffer (19) were added to 20~1 samples containing 20-30~g protein in B-buffer 

(20~1 of B-buffer alone was used in pH-measuring slots). 30~1 of the 

mixture was placed in the sample slot without a pre-run, then 25~1 of 

sample-overlay was placed on top of the sample layer. Then the slots were 

fi lied with 0.02N NaOH. Two slots \'Jere used for pH-measurement. Because 

the bands near the sides of the gel had a tendency to slant only the center 

·· slots were used for the sample and for pH measurement. Electrophoresls 

was at 300v for 18h and then at 400v for 2h. The shape of the gel and the 

cutting design were drawn on a sheet of graph paper and the sheet was placed 

on t~e top of a lighting board, At the end of the run the slab was ~arefully 

disassembled so the gel remained in the original position on one of the 

glass plates. It was placed on the pre-drawn pattern. Following the 

pattern a vertical strip corresponding to the two slots for pH measurement 

was cut with a razor blade then the strip was cut horizontally to make 5 mm

high 2 em wide squares. Each square was placed in o.y ml distilled water 

(boiled and kept under vacuum) in a 1.5 ml polypropylene tube (BioRad). 

Both sides of the remaining gel slab were marked at I em intervals by pierc

ing the gel with a fine-needled syringe filled with drawing ink to desig

nate the distances from the bottom of the sample slot. (Certain parts of 

the gel had a tendency to expand more than others during subsequent treat

ment, thus, without markings,. accurate correspondence between it and the pH 

measured strips was impossible.) The marked gel was stained in 0.04% 

Coumassie Brilliant Blue G250 (Brilliant Blue G. Sigma) in 3.5% perchloric 

I 
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acid overnight at 37° (21) then destained in 7.5% acetic acid with strands 

of white wool yarn for a day. 

Slab Gel Electrophoresis. Analytical SDS polyacrylamide gel electrophoresis 

was done as described previdusly (1) . 

Proteolysis of DNA-bound gp32. Calf thymus DNA (Sigma Type I) was dissolved 

in lmMNa
2

EDTA·toa final 100)Jg/ml then fragmented in a Sorvc;~ll Omnimixer 

with microattachment at the maximum setting for ten minutes (In previous 

experiments the same treatment made DNA fragments with an average molecular 

6 
weight of 5 x 10 ). The DNA fragments were denatured by adding K2HP04, 

(final concentration lOmM) and heating in a boiling bath for lS.minutes. 

DNA was then quickly chilled and neutralized with Tris-HCl and HCl to make 

the final concentration of-Tris-HCl lOmM and pH 8.2. The denatured and 

neutralized DNA was immediately incubated with lBOJJg of -r35s]gp32 at DNA

nucleotJde/protein ratio of 6.7 in 0.2 ml B-buffer (O.lN) at 30° for 60 

minutes. The mixture was applied to a Sepharose 28 column (Pharmacia, 5 ml 

in B..,buffer (O.lN)) then eluted at the rate of 1.9 ml/h and 0.25 ml fractions 

were collected. The complex (35- SO% of radioactive proteins applied) was 

eluted at the breakthrough volume at protein concentrations of 60- 80ug/ml. 

Untreated gp32 was diluted with the column buffer to make the same protein 

concentration as the complex fraction and used as the ·unbound gp32 control. 

Both complex and control were treated with (0.1 - h1g/ml) of chymotrypsin 

(CHY-5, 37 u/mg, Sigma) or trypsin (TRTPCK, Worthington Biochemical Co. 

specific activity 230 u/mg) for 1 hat 4°. The reaction was stopped by add-

ing TPCK or TLCK (Calbiochem) and freezing. Degree of digestion was analysed 

by SDS p61yacrylamide gel electrophoresis and autoradiography. 

Thermal and Protein Induced Melti~g of T4 DNA. T4 DNA was extracted with 
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phenol as described elsewhere (22). The melting profiles of DNA in the 

absence and the presence of protein were monitored using a Gilford Model 

2000 automatic recording spectrophotometer with thermister attached under 

the cuvette cage positioner. More experimental details are in the legends 

of Figs. 5 and 6. 

Amino Acid Composition. The purified protein was hydrolized in 6N HCl for 

22, 48 and 72 hours in ~ealed evacuated tubes (vacuum less than 0.25 Torr). 

Cysteine was determined after performic acid oxidation or as S-sulfocystine 

(23). Tryptophan was determined after hydrolysis in 3N para-toluene 

sulfonic acid containing 0.3% w/v of 3-(amino)-2(indole) (24). Amino acid 

analyses were done on a Beckman model 1208 analyzer modified to use the Durrum 

single column system. 

Amino Acid Sequence Determination. Manual NH2-terminal sequence analyses 

were first done according to the dansyi-Edman procedure in SDS as described 

by Weiner et aZ (25). 

f 
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RESULTS 

Purification of Gp32~':J and '"Ill fron~ the Chymotrypsin Digest of Gp32 

We have reported that gp32*1 and *Ill bound to ds-T4-DNA-cellulose columrrs 

while undig~sted gp32, gp3:2,":11 and smaller peptides did not. Gp]2fi"IJ.I an<c.l '":1 

could be eluted separately with 0.4N and 2N NaCl respectively (1). To avoid 

laborious large-scale purification of T4 DNA for the preparative column, dsDNA

cellulose columns were prepared from commercially available calf-thymus·and 

salmon-testes-DNA. Their suitability for digestion products separation was 

determined. 

Gp32 was treated with chymotrypsin and the mixture containing undigested 

gp)2 and gp32,":1, ~~II and ~~Ill in B-buifer (O.lN) was applied to both calf thymus 

and salmon testes dsDNA-col"umns. In .each case the elution profile was the same 

a.s that obtained from the T4-DNA-cellulose column: Gp32, gp32~'tll, and small 

peptides did not bind; gp32*111 and gp32*1 bound to the column and were eluted 

with 0.3N and 2.0N NaCl respectively. However, .a small amount of undigested 

gp32 also bound to the calf-thymus and salmon testes columns but not to the T4 

DNA-cellulose column .. Once bound, the undigested protein coeluted with gp32*1, 

thus contaminating the fraction. This contamination was greater with calf 

thymus DNA than with salmon testes DNA. Interestingly, contamination was 

extensive when a relatively small amount of protein was applied to the column 

but absent when the columii.was overloaded. It seemed as if gp32 could bind to 

certain sites oh the DNA-cellulose unless such sites w~re saturated by gp32*l . 

These sites might be AT-rich clusters which, because of their weak helical 

structure, are readily melted by gp32. Or these sites might be simply ssDNA. 

which was in the original DNA prepar.::tion or cr~ated during DNA-cellulose 

preparation. Whatever they are, they are abundant in calf thymus DNA-, less 
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abundant in salmon-testes-DNA and seemingly absent in T4-DNA-cellulose. 

On the basis of these observations and assumptions the following prepra-

tive method was established. i) Salmon testes DNA-cellulose was used. ii) 

Digestion conditions were choosen to minimize incomplete digestion. Proteases 

were freshly dissolved in cold lmM HCl and concentrations were measured by 

b b . h . . . ff. . f E l% f 20 4 f a sor ance us1ng t e respect1ve ext1nct1on coe 1c1ents o ZBOnm o . or 

chymotrypsin and 14.3 for trypsin. iii) The DNA-cellulose column volume was 

adjusted so .that it was operated at near full capacity: 22 OD units of cellulose-

bound DNA per mg of total protein seemed to give a satisfactory performance. 

With this ratio 13% of bound DNA is occupied assuming one protein molecule 

requires 10 nucleotides (or 5 nucleotide pairs). 

Figure 1 presents the DNA~cellulose column elution profile of a gp32 digest. 

As seen in Fig. lB, (columns marked "std") the digested mixture contained more 

than 50% gp32*1 and only a little gp32 and gp32*1 I.· The breakthrough peak (a) 

contained short peptides derived mainly from A- and partly from B-region ~f 

gp32 and small amounts of gp32 and g~32*1 I. Gp32*11 I was in the 0.3N-peak (b) 

and the 0.6N-peak (c). Gp32*1 was in the 2N-peak (d) with a small amount in 

peak (c). As described in Materials ~nd Methods if-a cellulose carrier other 

than Cellex Nl was used, as much as one-half of the.gp32*1 may elute with 0.6N. 

Fractions band d were further purified by DEAE-cellulose column chromate-

graphy. Gp32*1 eluted at O.l8N NaCI and gp32*1 I I e)ut~d at 0.21N. Fraction (a) 

is being used for sequencing studies of A- and B-regions. 

lsoelectric Focusing of Purified Proteins 

Purified proteins were analyzed by isoelectric focusing in polyacrylamide 

gels to examine their homogeniety and obtain inform,tion on the charges of A-

and B-regions. Because both gp32 (10, 18) and gp32~1 5 at high concentrations 
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are known to self-aggregate, the urea-Nonidet P406 gel system devised by 

O'Farrell (19) was used to avoid precipitation of the proteins in the gel. 

Thus, isoelectric points shown in Fig. 2 and Table 1 are those of the denatured 

protein. Some unreliability of pH measurements of urea-containing gels has 

been reported (19) which may account for slight differences between our values 

for gp32 and bovine serum alubmin and those reported by others (see Table 1). 

Both gp32 and gPj21c I gave one major band and one sub-band on the more 

acidic side of the major component. (In the gel shown in Fig. 28, the major 

component of gp32 gave a diffused and distorted band but in several other gels, 

it was clearly one band. This distortion occasionally occurred with gp32 and 

gp32~~1 indicating some aggregation even in the presence of urea-Nonidet P40.) 

Gp32*111 had a secondary component (minor 1, Table 1) on the basic side of 

the main component in addition to the minor acidic one (minor 2). All protein 

preparations yielded one band in SDS gels with 1-2% contaminating smaller 

molecular weight protein(s) runn'ing at the buffer front. Thus minor components 

observed in electrofocusing are likely to be sub-species rather than other 

proteins. The acidic minor component ~resent in the undigested gp32 may result 

from deamidation. This species is the likely origin of the acidic minor con-

ponents of both gp32*1 and gp32*1 I I. The basic sub-component of gp32*1 I I must 

have resulted from digestion heterogeniety. 7 

Gp32, gp32~~1 and gp3~~~111 are acidic proteins: gp32 being most acidic, 

gp32*~ close to neutral and gp32*1 I I in between. Gp32*1 ran on the acidic side 

of sperm whale myoglobin (Schwartz/Mann) with a reported isoelectric point of 

].0 (27) confirming gp32*1 as an acidic protein .. The l;:~rge decrease in the 

negative charge from gp32.to gp32*1 accompanying the removal of A-region clearly 

indicates that A-region is highly acidic. The increase in negative charge from 
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gp32*1 to gp32*1 I I on the other hand indicates that B-region is basic. Even 

though the net charge seemed to be greater in A- than B-region the concentra-

tlon of positive charge in B-region must be very high considering B (1000-

2000) is far sho~ter than A (6000-8000). ~ 

Amino Acid Compositions and NH 2-terminal Sequences. 

To support our model of gp32 proteolysis and to determine at which end 

the regions are located, NH 2-terminal sequencing of gp32, gp32*1 and gp32*111 

was done first by dansyl-Edman degradation and then by manual-Edman degradation. 

The results are presented in Table 2. With both procedures gp32 and gp32*1 had 

identical NH 2-terminal sequences, Met-Phe-Lys-, indicating that the A-region 

must have been removed from the COOH-terminal of gp32. 

On the other hand gp32*1 I I had a new NH 2-terminal alanine indicating that 

B-region must have been cleaved from the NH2-terminal creating a new terminaJ 7 • 

An1ino acid compositions of gp32, gp32*1 and .gp32*1 II are presented in Table 

3. The composition of gp32 agrees closely with previously published data (18, 

28). A rough estimate of the number and types of residues contained in the 

A- and B-regions can be obtained by taking the differences between the amino 

acid compositions of gp32 and gp32*1 for A and those between gp32*1 and gp32*11 I 

for B. A-peptide seems to be extremely rich in Asx which accounts for approxi-

mately one-third of its residues, relatively poor in basic and aromatic amino 

acid residues. Depending on unknown amidation present this composition could 

represent a high concentration of negaive charge in A-region. Three lysines, 

one arginine and two Glx seem to represent the charged residues in B-region. 

Thus B should be a positively charg~~peptide with the extent of amidation 

determining the charge magnitude. Even though calculations based on amino acid 

compositions are not generally conclusive, these agree with data obtained from 

I> 



'' 
! j 

., 
' 

19 

isoelectricfocusing experiments regarding relative isoelectric points. 

Proteolysis of DNA-Bound Gp32. 

To determine the positions of the NH 2-(B)- and the COOH-(A)-terminal re

gions within the DNA-protein complex, DNA-boundigp32 was prepared by mixing 

gp32 and denatured calf thy~us DNA fragments, th~n separating the complex from 

unbound gp32 as described in Materials and Methods. T~e DNA bound protein and 

the corresponding free protein control were digested with varying concentrations 

of chymotrypsin or trypsin. Fig. 3 presents such·a trypsin digestion of un-

bound gp32 yielding gp32*1, gp32*11 and gp32,'>111 with a small amount of gp32 

remaining (column 2). Under the same digestive conditions only gp32*1 was 

produced from DNA-bound- protein (column 4). The amount of undigested gp32 in 

the complex seems the same or slightly less than in the free protein digest. 

The amount of gp32*1 obtained from the complex digestion seems roughly eq~ivalent 

to the sum of gp32,"cl, gp32,-cll and gp32''clll in the free gp32 digest. Chymo-

trypsin digestion gave similar results except that at the relatively high enzyme/ 

protein concentrations used in the experiments, chymotrypsin seemed to attack 

the tentral core producing shorter than gp32*1 I l:peptides from both free gp32 

(column 5) and from the complex (column 6). At all trypsin or chymotrypsin 

concentrations examined results were the same in the following points. The 

extent of digestion, as judged by the amount of intact gp32 remaining, was 

either the same or slightly more with the complex as with the free protein. 

Gp32'"11 and gp32,'clll were. not accumulated in detectable amounts during complex 

digestion. The amount of gp32*1 from the bound protein was approximately the 

same or slightly more than the sum of gp32*1 andigp32*1 II from the correspon-

ding free protein. 

These data suggest that within the DNA-gp32 complex, the NH2-terminal-(B)-
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region is completely protec~ed while the COOH-terminal-(A)-region protrudes 

to the same degree or more so than it does in the free protein. The model for 

the complex and its digestion is presented in Fig. 4. 

T4 DNA Melting by Gp32*1 

Optical absorbance and CD measurements were used to study interactions of 

gp32 and gp32*1 with various synthetic polynucleotides and with T4 DNA. 

Results of experiments with synthetic polynucleotides and of ·co measurements 

are reported elesewhere (29, 30). In Fig. 5 we present a typical set of T4 

];·d 5, DNA melting profiles to demonstrate the difference in stability due to the 

addition of either gp32 or gp32~~1 to ds DNA. Curve 1 shows that gp32~·~1 medi-

ated melting started at 20° and was completed by 32° with a shift of the Tm 

' + + 
-56°(Na + K = l02mM). A second increase starting about 45° was due to light 

scattering associated with heat-denatured protein precipitation. (The reaction 

mixture turned milky white). In contrast gp32 (curve 2), no hyperchromici ty 

was noted until 37°, then there was an increase corresponding to 10-15% of 

that caused by gp32*1 by 50° at which point there was another shoulder-like 

increase followed by the last sharp one. These last two increases must be 

related to heat-induced conformational change and denaturation of protein 

because free gp32 showed a similar but unequal change above 50°. Jensen et al 

(12) reported a similar increase in absorbance with a shoulder past 50° in 

their gp32-T7-DNA melting experiments and concluded that it was due to protein 

not to DNA-melting. With all naturally occurring DNAs they tested, including 

those with higher AT content than T4 DNA, there was no DNA melting by gp32. 

In our gp32-T4-DNA experiments in Fig. 5 (and in other ionic environments), 

'r.Je observed some hyPerchromicity at temperatures at which free gp32 is stable. 
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These might represent partial melting of DNA. However, we will reserve our 

conclusion until further analyses. 

The magnitude of helix destabilization by gp32•':J was greater at lower 

ior1ic strength probably because, as in the cases· of gp32 and other helix de-

stabilizers, gp32*1-DNA binding involves electrostatic interactions. At 12mM 

(Na+ .f K+) and 2°, more than half of the T4 DNA seemed to have melted upon 

mixing with gp32•':J, corresponding to over -70° shift of the im (30). 

The reversibility of gp32•"1 mediated T4 l>NAmelting and effects of Mg 2+ 

ion on the reaction were examined (Fig. 6). At a Mg 2+ concentration of lmM 

and NaCl 25mM, DNA melting initiated at 12° and finished by 24° (curve 1). With 

lmM Mg 2+ and SOmM Na+ melting started around 20° and finished by 34°, at which 

. t th t t 1 d At th"1s Mg 2+ t" . k po1n e empera ure was owere . concentra 1on, no qu1c re-

naturation occurred. When the temperature reached 15°, the Mg 2+ concentration 

was increased to lOmM. The:subsequent rapid decrease in absorbances indicates 

that gp32*1 mediated DNA-melting is reversible and complete renaturation can 

be achived if equilibrium is in favor of the helix and if enough Mg 2+ is present. 

Finally the temperature was raised again to measure the helix-coil equilibrium 

2+ + 2+ 
at the new combination of Mg and Na concentrations. With IOmM Mg and 25mM 

Na+ DNA melted again with Tm of 37° (curve 1)8. With SOmM Na+ however, DNA did 

not melt before the protein denaturation started at 44° (curve 2). 

Gp32 is known to facilitate DNA renaturation by accelerating the nucleation 

rate of complementary pairing, the first and rate limiting step of the renatu-

ration process (10). The rapid renaturation of gp32*1•denatured DNA presented 

in Fig. 6, however, does not seem to represent acceleration of this step by 

gp32•': I. 2+ + 
Under the same ionic (lOmM Mg , 25-SOmM Na ), protein and DNA 
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concentrations, alkaline-denatured T4 DNA fragments renatured very slowly9. 

Thus, renaturation shown in Fig. 6 seems to represent the normally rapid second 

step in renaturation: snapping-back of de11atured strands cross-1 inked by short 

stretch(s) of dsDNA. Electronmicroscopic examination of P32* (corresponding 

to gp32*1)-denatured T4 DNA showed large protein-covered loops connected with 

duplex parts (14). 

Effects of gp32 and gp32*1 on the renaturation rates of alkaline-dena

tured T4 DNA are being compared at various combinations of Mg 2+ (l0-80mM) and 

Na+ (JO-lOOmM). With either protein, increasing [Mg2+] increases the rates 

whereas increasing [Na+] reduces them. The same effects of [Mg 2+] and [K+] 

(in place of Na+) were reported for gp32 mediated renaturation rates (10). 

Under the optimum conditions (lOmM Na+ and 40-80mM Mg2+) gp32~:1 accelerated 

the renaturation rate only slightly compared to acceleration with gp32. This 

may be due partly to conformational differences between gp32- and gp32*1-DNA 

complexes (29, 30). Relative unstability of the helix in the presence of gp32*1 

and lower Na+ concentration may also contribute to the ineffectiveness of 

gp32*1 in renaturation. 
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Discussion 

We will discuss our results on two levels; first gp32 properties eluci-

dated -in ·vitro, and second; implications about the role of gp32 in ·vi·vo. 

The finding that both gp32 and gp32*1 had identical NH2 ~terminal sequences 

and that gp32*1 was a more effective DNA melting protein than gp32 provides 

support for our model in which the A-region) located at the COOH-terminal, 

reduce~ UNA-melting activity. Anderson and Coleman (28) reported that approxi-

mately 50 amino acids could be cleaved eithe.r spontaneously or by trypsin from 

gp32. Fifteen of the cleaved residues were Asx, twelve alanine and four were 

lysine. Their cleavage product must correspond to our gp32*1 because it had 

Strong affinity for ssDNA and had the same NH 2-terminal methionine as gp32 and 

gp32*1. The discrepancies between their data and ours regarding the numbers 

of residues lost may be due in part to differences in the assumed molecular 

wei~hts for the products, and in part due to the enzymes used for cleavage. 

' 
Our preliminary sequencing studies indicated very uneven distribution of Asx, 

alanine and lysine within the A-region. 

Our experimental evidence for the position and the, ,-ole of B-region is not 

as strong as in the case of A-region. Becaus~ we ~ere unable to purify and 

analyze gp32~':11, which we think is maue by a simple cleavage of B-region, we 

will have to ~ee~ uur evidence through a comparison of gp32*1 and qp32*1 I I ' 

(We presume t.he latter is derived from the former ;by loss of B-regioA-·) We do 

have evidence that gp32*1 II does not bind strongly to ssUNA and has lost peptides' 

from its NH 2-terminal. However we cannot exclude the possibility of concomitant 

digestion at the COOH-terminal to a different extent than that of gp32*1 and.its 

contribution to weakened affinity. To make our model more complete we may have 
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to await the results of COOH-termin~l analyses. 

There are three possibie, not mutually exclusive, ways in which B-region 

could influence DNA-binding; 1) B contains one of the DNA-binding sites, 2) B 

contains a gp32-gp32 interaction site related to cooperativity of binding and 

3) removal of B induces a conformational change unfavorable to tight binding. 

It was suggested that the region of polypeptide chain in direct contact with 

the DNA includes a concentration of positively charged residues spaced so as 

to interact with the DNA-phosphate (10, 12, 31, 32). Positively charged B

region could be (a part) of such a site. If either I) or 2) is true, B is 

likely to be inside and protected when gp32 binds cooperatively to DNA. Our 

experiment showed such protection. Another support for the close relationship 

between the NH2-terminal and DNA binding comes from .experiments with a tempera

ture sensitive mutant of gene 32, tsP/. Mosig and Bock (33) showed by genetic 

cross that this mutation is closest to the NH2-terminal among all mutations 

found in gene 32. If we superimpose their genetic map and our protein model 

based on the positions of amber mutations and their peptide lengths, tsP7 comes 

within or in the viCinity of B-region. Curtis and Alberts showed that gp32. 

produced by tsP7 binds strongly to ssDNA-cellulose at low temperatures but is 

released by low salt concentration at higher temperatures (8). 

As described in the introduction, melting of natural (GC-containing) DNA 

by gp32 seems to be kinetically blocked. Jensen et al (12) relate this block. 

to the mechanism of gp32 induced helix-melting. Two possible pathways exist 

for protein-mediated helix-melting. In one, the ds-helix (D) breathes to fonn 

small stretches of ss coi 1 (S), protein (P) then binds to S holding the ss apart 

(D ~ S ~ PS). In the second pathway, the protein binds to some double helical 

form, which then denatures into bound single-strands (D ~ S ~ PS). Jensen et al 

.; 
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. favor the first pathway (D 4 S 4 PS) in which gp32 requires large loops to 

permit stable cooperative binding. Such loops are not formed with GC-contain-

ing DNA in the temperature ranges lower than those which induce heat-denatura-

tion of gp32. Whatever causes the kinetic block, it is obviously overcome by 

removal of A-region. One interesting possibility is change of the melting 

mechanism from D 4 S 4 PS type to 0 4 PD 4 PS type. The second would be more 

suitable if gp32,':1 DNA melting is related to replication fork Jnovement as we 

speculate later in the discussion. This mechanism requires that the protein 

have some affinity for dsDNA which removal of the highly acidic A-region might 

supply. We have not yet determined whether or not gp32*1 has elevated affinity 

for dsDNA under non-melting conditions but gp32•':ttl which also lost A-region 

showed a weak but elevated affinity for a dsDNA-cel Julose column. Gp32•':1tl is 

a weak binder to ssDNA thus binding to dsDNA would most probably be through 

genuine affin1ty rather than a melt-and-bind mechanism. 

Gp32*1 is a stronger h~lix destabilizer than gp32, an effect not limited 

to T4 6r to GC-containing DNA.(CD studies have shown gp32•'•1 reduced the Tm of 

poly[d(A-T)] 15° lower than the gp32 induced reduction (29, 30) .) Thus kinetic 

blocking could have been overcome by a greater equilibrium shift. Other diffe

rences between gp32 and gp32*1 were observed during our CD studies. The CD 

of gp32•'•1-polynucleotide complexes were similar to but not the same as those of 

gp32-complexes indicating polyncleotide conformation in the two complexes was 

different (29; 30). There could be differences in affinity for ssDNA but they 

were not detectable by the elutio~ pattern fro~ ssDNA cellulose columns. More 

accurate ·measurements of various binding constants of gp32•'•1 and gp321•fll, such 

as those done by von Hippe) a.nd his colleagues (12, 31, 32) for gp32 are needed 
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before we reach definite conclusions. 

Gp32 in vivo seems to play an important role in several different processes 

one of which is DNA replication (2). As summarized in reference 34, recent 

studies clearly showed that DNA is replicated by a multi-enzyme complex often 

called 11 replication apparatus or machinery''. Alberts and his colleague have 

reconstructed an in ·vitro apparatus from six purified T4 gene products, gp32, 

41, 43 (DNA polymerase),. 44, 45, and 62 (3, 34) plus an unid~ntified gene pro

duct x 11 , which cat~l;ze; replication including both leading-strand synthesis 

(forward direction with accompanying helix unwinding) and lagging-strand synthe

sis (backwards on ss template) at a rate equivalent to that in vivo. Dependence 

of these two reactions however, on the multi-enzyme system and on the presence 

of gp32 are quite different. In lagging-strand synthesis the multi-enzyme 

system is required at the primer syr.thesis stage which does not need gp32 11 • 

When the primer 3'0H-end is present T4 DNA polymerase alone can copy ssDNA temp

lates. Gp32 is not essential but is known to stimulate this polymerase reaction 

(35). Stimulation was greatest under conditions which promoted intra-strand 

base-pairing suggesting that gp32 was melting regions of intra-strand hydrogen

bonding in the ss template. On the other hand in leading-strand synthesis the 

requirement for gp32 seems nearly absolute. T4 DNA polymerase cannot use an 

intact or nicked ds DNA molecule as a template-primer due to its inability to 

displace the strand which is annealed to the template. Addition of gp32 allowed 

the polymerase to synthesize DNA using nicked T7 DNA as template-primer (36). 

The fidelity of copying, however, was soon lost with polymcrase-gp32 system (36) 

and continued leading-strand synthesis with smooth unwinding of the helix re

quired the multi-enzyme complex which includes gp32 (34). 

_, 
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In DNA replication systems from other organisms the helix-unwinding 

burden does not seem to be placed solely on their helix destabilizing pro-

teins but is shared by ATP-linked systems (11, 37-40). Similar activities 

lilave not-been found''for the T4 DNA replication complex and at·e presumabLy. 

not needed (11,34). Previously we proposed that when gp32 is placed at a 

certain position within the replication apparatus it becomes a DNA-melting 

protein because interaction with other proteins displaces A-peptide from 

its inhibitory position (1). It has been shown that gp32 has an affinity 

for T4 DNA polymerase but not for that of E. coZi (35). According to recent 

studies of the order in which the replication apparatus is built (34) gp32 

must be in contact with the gp44-gp62 complex within the apparatus. A-

peptide in the gp32-DNA complex is as accessible or even more so to other 

proteins as it is in free gp32. A-peptide is large and has an amino acid 

composition which suggests loose conformation with one-third of the peptides 

be1ng Asx. It is unlikely that all other proteins avoid interacting with 

this peptide when the apparatus_ is built. It was suggested' through genetic 

and/or in vivo experiments that activity of enzymes, such as ligase (41) 

and nucleases (33) other than components of the replication apparatus are 

controlled by gp32 through direct protein-protein interactions. We hope to 

obtain more insight on protein interactions by use of gpJ21:J in in vitro 

replication systems. 

It seems clear that gp32*1 cannot replace gp32 in vivo because its 

strong helix destabilizing ab111ty woul~ induce uncontrolled melting of the 

T4 chromosome. lh addition, gp32*1 did not accelerate inter-strand comple-

mentary-pairing when gp32 did. If this acceleration is the major role gp32 
I 

plays in recombination, gp32*1 will not be as effective an agent as gp32. 



We cannot ~xclude a possible alternative model in which gp32*1 or a 

molecule similar in behavior is made at the replication fork by endogeneous 

proteinase(s). We have done a simple pulse-chase experiment with radioactive 

amino acids to exclude turning over of gp32 extensive enough to be detected 

by such experimentsl 2 • There seems to be no detectable degradation or· rriodi.f.ication 

of the component proteins of the T4 ~'DNA replication apparatus" in vitro 

because no difference wasobserved before and after replication by one- and 

two-dimensional gel electrophoresis 13 . If a protein with destabilizing abili-

ty comparable to gp32*1 is made, it must be either in small quantities or 

immediately inactivated when outside the replication apparatus to prevent the 

uncontrolled chromosome melting. 

Another major role of gp32 in vivo seems to be protection of ss portions 

of replicating DNA (8, 42). The importance of this role seems to be reflected 

in the unique autogenous regulation of gp32 synthesis: gp32 synthesis continues 

unti 1 all available ssDNA is covered, then gp32 represses its own synthesis (43, 

44) by binding to its own messenger RNA (45). Protective binding requires 

strong preferential affinity for ssDNA but the accompanying helix destabilizing 

effect should be avoided outside the replication apparatus. Kinetic blocking 

of helix-melting caused by the presence of A-region would accomplish this. 

.. -. 
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Foot Notes 

1. The abbreviations used are gp32, gp32*1, gp32*1 I and gp32*1 II are gene 

32 product and its proteolysis products formerly designated as P32, P32*1, 

P32•"11 and P32*111 (ref. 1); ss, single-stranded; ds, double-stranded; Tm, 

temperature of the mid-point of the helix-coil transition; SDS, sodium dodecyl 
. . 

sulfate; B-buffer, 20mM Tris-HCl, pH 8.\/ 1mM Na 2EDTA I lmM 2-mercaptoethanol/ 

10% (w/v) glycerol (Optical grade, Eastman Kodak) and NaCl at concentrations 

indicated in parenthesis; TPCK, toluene-3-sulfonyl-L-rhenylalanine chloromethyl 

ketone; TLCK, toluene-4-sulfonyJ-L-Iysine chloromethyl ketone; dansy!, 5-~imethyl-

i"ttethyl-aminonaphthalene-1-sulfonyl; .".sx, aspartic acid or asparagine undefined; 

Glx, glutamic acid or glutamine undefined. 

l. These proteins have also been cAlled DNA-unwinding, DNA-binding, DNA-

melting and helix-unwinding protein. We adopt here helix destabi 1 izing protein 

according to the recent suggestion of Alberts and Sternglanz {11). 

3 .. Gift from Dr~ W. N. Huang. 

4. Jn our gel systemj 0.1- 0.2~g protein was detectable. We routinely 

analyzed over 5~g of proteins per slot and any fractions with visible cross-

contamination were discarded. 

5. J. Hosoda unpublished data. 

6. Nonid~t P40 is a non-ionic surfactant, 6Ctylphenol ethylene oxide condeh-

sate (Gallard Schlesinger). 

7. Pre! iminary sequencing of gp32•"111 by manual Edman degradation with analyses 

of phenylthiohydantoin-amino acids by high perfomance l_iquid column chromato-

graphy has shown that NH2-terminal was not homogeneous although at least one of 

the terminal amino acid~.s wa.s alanine(H. Moise, unpublished data). Sequence 
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studies of the peptides isolated from the 0.1 M NaCI fraction of the dsDNA

cellulose column (Fig. 1) also indicated that the NH2-terminal of chymotrypsin 

cleaved gp32*1 I I should be alanine and that there are two cleavage sites four 

amino acidS apart. (A. Tsugita $ J. Hosoda, manuscript 

submitted to J. Mol. Bioi). These data agree with the conclusion from ~xperi~ 

ments in the previous section that two of the gp32*1 I I species with slightly 

different isoelectric points must be produced by cleaving B~region at different 

sites. 

8. The last part of this curve represents protein denaturation rather than 

DNA melting and there is a shoulder at 40° which is too small to be recognized 

after reduct.ion of this graph size. Tm was calculated assuming that the ma~imum 

hyperchromicity is the same in the presence of lmM or lOmM Mg 2
+. 

9. Personal communication from T. Goto. 

10. J. Hosoda & A. Tsugita, unpublished data. 

11. Personal communication from B. Alberts. 

12. J. Hosoda, unpublished data. 

13. Personal communication from R. L. Burke. 
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TABLE 

lsoelectric points of proteins measured by isoelectric focusing in 

urea-containing polyacrylamide gel. 

Protein 

Gp32 Major 

Minor 

Major 

Minor 

Gp32'~ Ill Major 

Minor 

Minor 2 

Bovine serum alubmin 

(Appro xi mate 

content) 

90 % 

10 % 

90% 

10% 

60-70% 

20-30 % 

10 % 

lsoelectric points 

Found 

5.0 

4.9 

6.5-6.6 

6.3 

5.9 

6.0 

5 .. 8 

5.0-5.2 

Reported in 

literature 

5. 5 Ref· 26 

4. 9 Ref .27 

Results presented in Fig~ 2 A arc summarized in thi~ table. 
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TABLE I I 

~-terminal sequences 

Protein 

Gp32 Met-Phe-Lys-

Gp 32•~ I Met-Phe-Lys-

Gp32•':fll 



<..; 

'"' 

Amino acid compositions 

Residues 

Lys 

His 

Arg 

Asx 

Thr 

Ser 

Glx 

Pro 

G1y 

Ala 

~Cys 

Val 

Met 

lie 

Leu 

Tyr 

Phe 

Trp 

a sp32 

34.9 

2.8 

3.7 

52.7 

17.1 

28.5 

22.2 

8.8 

20.8 

26.7 

3.7 

21.1 

10.5 

12. 1 

25.2 

7.4 

20.9 

4.3 
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TABLE I I I 

b gp32''' I 

27 .o 

2.6 

4.0 

28.8 

.12. 1 

23.2 

17.6 

8.8 

16.6 

18.9 

3.6 

16.7 

8.5 

10.6 

15.8 

7.3 

18.3 

·. 3.9 

A d B e 

24.2 7.9 2.8 

2.5 

2.6 1.4 

32.0 23.9 ( -3.2) 

13.3 5.0 (- I. 2) 

23.6 5.3 

16.0 4.6 1.6 

8.4 

15.0 4.2 1.6 

15.2 7.8 3.7 

3.7 

17.7 4.4 (- I . 0) 

6.9 2.0 l.~ 

9.2 1.5 1.4 

16.0 9.4 

5.8 1.5 

15.4 2.6 2.9 

4.0 
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Legend to Table I I I 

The values for serine and threonine were extrapolated to zero hydro

lysis time and those for isoleucine and valine were extrapolated to infinite 

hydrolysis time. 

The numbers of residues are normalized to moles per total molecular 

weight of a) 35,000, b) 27,000, c) 26,000, d) Gp32 minus gp32*1 e) Gp32*1 

minus gp32*1 I I. 



Figure 1. 

figure 2. 

Figure 3. 
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Figure Legends 

Fractionation of chymotrypsin digested gp32: Step elution with 

NaC I from a ds DNA-ce 11 ulose co 1 umn. Forty-three mg of crude 

gp32 (2N NaCl eluate from ssUNA-cellulose column 

in 12 m1 B-buffer (O.lN) was digested with 48~g of a-chymotrypsin 

(Sigma, CHY5) for 2 h 30 min at 10°. Then one-fiftieth volume of 

TPCK (50mM in methanol, Sigma) was added and incubated for 15 min. 

The digest was applied to ss salmon testes DNA on Celie x·Nl 

(2cm.x12cm column with 1164 OD units DNA) in B-buffer {O.lN) at a flow 

rate of 17 ml/h. Then the column was eluted at the same rate with 

O.IN NaCl (wash, 82 ml), 0.3N {82 ml), 0.6N (62 ml) and 2.0N {82 

ml) and 4 ml fractions were collected. {A) Elution pattern. 

Protein content measured by absorbance at 280nm. NaCl concen-

tration measured by refractive index. (B) SDS-gel electrophoresis 

of peak fractions from the column. Std-digest = unfractionated 

digest; a. O.lN peak (break-through); b, 0.3N peak; c, 0.6N 

peak; and d, 2.0N peak. 

lsoelectric focusing of gp32, gp32*1 and gp32*1 I I in polyacry

lamide gel. 

(A) Composit made from the stained gel and pH measurements. 

(B) Stained gel. 1, gp32; 2, gp32*1; 3, gp32*111 and 4, bovine 

serum albumin. 

Trypsin and chymotrypsin digestion of free and DNA-bound gp32. 
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Free and DNA-bound [35s]gp32 at a concentration of 60~g/ml were 

treated with l~g/ml of trypsin or 0.5~g/ml of chymotrypsin for 

1 hat 4°. TLCK or TPCK (final concentrations lmM) was added to 

stop the reaction and the mixtures were stored frozen after addition 

of SDS-gel sample buffer (1). The lanes correspond to the following; 

1. Free gp32, untreated; 2. free gp32 treated with trypsin;. 3.~ 

complex, untreated; 4. complex treated with tryp~in; 5. free gp32 

treated with chymotrypsin; and 6. complex treated with chymotrypsin. 

The position of gp32, gp32~''1, ~~11 and ~·,111 are indicated by arrovJs 

at the right side of the columns. 

Figure 4. A model for DNA-bound gp32 and its proteolytic digestion. 

Figure 5. Thermal melting of T4 DNA in the absence and presence of gp32 or 

gp32*1. 31~g T4 DNA, 910~g proteins, salts and buffer (total volume 

0.7ml) were mixed at 4° in cuvettes to make final concentrations 

of lOOmM KCl/ lmM Na-EDTA/, 2mM Tris-HCL/ lmM 2-mercaptoethanol, 

pH 7.7. After equilibration, the temperature of the cuvette . ' 
compartment was increased at a rate of 0.16° per min. Ordinate 

of the graph represents absorba~ce increase at 260nm divide~ by 

initial absorbance of DNA-alone cuvette. Curve 1, DNA with gp32*1; 

2, DNA with gp32; and 3, DNA alone. 

Figure 6. Thermal melting ~nd renaturation of T4 DNA in the presence of 



., 
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. gp32*1 and Mg
2
+ion. The experimental procedures were the same 

as those in Fig. 5 except each cuvette contained lO~g of DNA, 

340~g protein in 0.7 m1 2mM Tris-HCl! pH 7.7, O.lmM Na2EDTA 

lmM mercaptoethanol, lmM MgC1 2 and 25mM (curve 1) or 50mM 

(curve 2) NaCl. MgC1 2 concentration was increased by 2.5~1 of 

2.5M MgC1 2 at the point indicated by arrow. Changes in absorb

ance at· 260nm of cuvette 1 (25mM NaC 1 )and cuvette 2 (50mM NaC1) 

and temperature of the cuvette compartment (curve 3) were plotted 

versus time (min). 
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