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The preparation and characterization of several sequential lysine-glyc~ne polypeptides is 
described. A preliminary study of their interaction with DNA is also presented. 

JOHN BROWPI, JEAPI R. LANGLOIS, DENIS R. LAUREPI, BARBARA K. STOOCH~OFF et ROSS 
E. WILLIAVS. Can. J. Chem. 52, 3140 (1974). 

La preparation et caracterisation de plusieurs lysine-glycine polypeptides d'une sequence 
reguliere est decrite. De plus, une Ctude preliminairc sur lcur association avec ADN est pre- 
sentee. 

Introduction and metabolism could be gained from experi- 
Chromosomal proteins, of which the basic ments using models of the natural proteins. As 

amino acid containing histones constitute by far models, synthetic polypeptides containing signi- 
the largest class, play an important role in the ficant quantities of either of the basic amino 
determination of the morphology and mela- acids, lysine or arginine, could be used. The 
bolism of the eukaryotic cell (1, 2). The associa- homopol~mers, poly-(~-lysine) and poly-(L-ar- 
tions between these basic proteins and the cel- gininel, have been used as models in the study of 
lular DNA (deoxyribonucleic acid) have been DNA - basic protein (polypeptide) interactions 
postulated to play an important role in the main- (3, 4). A natural extension to these studies would 
tenance of the chromosomal architecture and be to use synthetic copolymers containing one or 
may offer some degree of regulation during the more of the common aliphatic amino acids as 
various stages of cell development (2). well as a basic amino acid. Incorporation of the 

The formation and stability of these protein- amino acids in a sequential or known manner 
DNA complexes is governed primarily by long would facilitate the interpretation of experi- 
and short range interactions. The longer range ments designed to investigate the interaction of 
electrostatic interactions form the basis of his- these ~ o l ~ ~ e ~ t i d e s  with DNA. This should give 
tone-DNA association and are of prime impor- Some insight into the effect of chain sequence 
tance in formation of histone-DNA complexes, and solution conformation on the interaction of 

A firmer understanding of the various ways in proteins with DNA. 
which electrostatic interactions between the his- We have synthesized several polypeptides hav- 
tones and DNA could regulate cell architecture ing the amino acids lysine and glycine in a de- 

fined sequence. In this paper we wish to describe 
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BROWN ET AL.: POLYPEPTIDES. I 

TABLE 1. Molecular weights of lysine-glycine polypcptidcs 

End-group 
Polymera analysisb Gel filtrationc 

Po~Y-(L-~Ys) 10 250 - 
POIY-(L-IYS) 20 540 - 

Poly-(L-IYS-gly) 19 000 19000 2000 
Poly-(L-lys-gly-gly) 12 500 12000 _+ 3000 
Poly-(gly-L-lys-gly-gly) 7 410 7 000 _+ 1000 

'Final polypeptide product isolated as the hydrobromide salt. 
bMeasured on  fullv blocked ~olvvevtide.  verchloric acid Drocedure. ref. 9. 

All values given are % 57' given value: 
' A 

CMeasured on unblocied polypeptide: Sephadex G-100, 0.002 M sodium 
phosphate, p H  7.0, refs. i0, 1 1 .  Distribution limits are given. Ribonuclease, 
chymotrypsinogen, and ovalbulmin uTere used as standards. 

Optical rotations were measured on a Perkin-Elmer 
polarimeter, model 141 in a 1 dm microcell. Dilute hydro- 
chloric acid (HCI), acetic acid (HOAc), or methanol 
(MeOH) were used as solvents as noted. Melting points 
were taken on a Fisher-Johns melting point apparatus 
(heated block) and are uncorrected. Combustion analyses 
were determined on a Perkin-Elmer C, H, and N analy- 
zer, model 240. Amino acid analyses were done on a 
Beckman automatic analyzer, model 120 C. Amino acid 
hydrolyses were carried out at 110 "C for 16 h. 
N~Benzyloxycarbonyl(Cbz)-L-lysine m.p. 235-237 "C, 

[a], + 14.1' (c 1.0, 0.1 N HCI) (lit. (5) m.p. 235 'C, 
[a], + 14.0 (c, 2.6 dilute HCI)), N-hydroxysuccinimide 
(HOSu), dicyclohexylcarbodiimide (DCC), and glycyl- 
glycine were purchased from Fluka AG, Buchs, Switzer- 
land. Triethylamine (TEA) (B.D.H. reagent grade) was 
used only if taken from a freshly opened bottle. For poly- 
merizations it was purified by distillation from p-toluene- 
sulfonyl chloride and stored under nitrogen atmosphere 
(6). Dimethylformamide (DMF) was purified by treat- 
ment with barium oxide, filtration, and distillation under 
reduced pressure (6). Dimethoxyethane (DME) was puri- 
fied by distillation from lithium aluminum hydride (6). 
Nm-t-Butyloxycarbony1(Boc)-glycine, m.p. 85-86 "C, 

was prepard in 94% yield according to the procedure of 
Schnabel (7) from glycine and t-butyloxycarbonyl azide 
(Pierce Chemicals, Rockford, Illinois); reaction condi- 
tions: pHob, 10.0, in water. NZ-t-Boc-N'-Cbz-~-1~sine was 
prepared similarly (isolated in 92% yield as Nn-t-Boc-NE- 
Cbz-L-1ysine.DCHA salt, m.p. 113 "C, [a], -9.3" (c 1.0, 
HOAC)); reaction conditions: pH,,, 10.2, in dioxane- 
water, 2: 1, v/v, 50 g per 700 ml of solution, vigorous 
stirring. 

Highly polymerized deoxyribonucleic acid (DNA) was 
obtained from Worthington Biochemicals (Freehold, 
N.J.). Stock solutions (approximately 1 mg/l) were pre- 
pared by suspension of the solid in cacodylate buffer, 
0.01 M, p H  7.0, and dialysis overnight (4 'C) against this 
buffer. The solution was centrifuged before being diluted 
to the desired concentration. DNA-phosphate concentra- 
tion was estimated from the absorbance at 260 nm ( E  

phosphate 6600(8)). 
Polymer molecular weights were estimated on the 

blocked polypeptides by end-group titration (perchlorate 
procedure) (9) and on the unblocked polymers by thin- 
layer gel filtration on Sephadex 6-100 (sodium phos- 
phate, 0.002 M ;  sodium chloride, 0.05 M ;  p H  7.0) using 

ribonuclease, chymotrypsinogen, and ovalbumin. as 
standards (10, 11). Detection was bv trinitrobenzene- 
sulfonic acid treatment of a paper replica (12). The mole- 
cular weights are given in Table 1. 

Circular dichroic spectra were taken on a Cary spectro- 
polarimeter, model 61, in quartz cells (path length 0.1 
cm). Reported ellipticities are based upon the lysine con- 
centration (as determined by amino acid analysis). The 
ellipticities measured at 225 nm are given in Table 2. 

Poly-(NE-Cbz-L-Iysine) (13) of differing molecular 
weights was prepared by polymerizing NLCbz-L-lysine 
N-carboxyanhydride, m.p. 97-98 "C (lit. (14) m.p. 100 "C 
dec.) in D M F  solution using diethylamine as initiator. 
The polymer was precipitated with acidified water (2.3 
drops concentrated HC1 per liter), washed with methanol- 
ether (2: 1 vlv) to remove small molecular weight impuri- 
ties, and dried under high vacuum. 

Monorlzer Preparation 
The monomers used for the preparation of the poly- 

peptides-were prepared according to the procedures out- 
lined in Scheme 1. The physical constants and elemental 
anakyses are given in Table 3. The general procedure for 
the preparation may be exemplified by the preparation of 
Nn-t-Boc-NLCbz-L-lysylglycylglycineDCHA salt. Na-t- 
Boc-NZ-Cbz-L-lysine (73.9 g, 0.195 M )  and N-hydroxy- 
succinimide (22.4 g, 0.195 M )  were dissolved in purified 
dimethoxyethane (750 ml). The solution was cooled to 
melting ice temperature and dicyclohexylcarbodiimide 
(DCC) (40.6 g, 0.205 M )  was added. After stirring over- 
night, during which time the temperature was allowed to 
rise to ambient, the solution was filtered to remove the 
precipitated dicyclohexylurea. The filtrate was evaporated 
(93 g) and was taken up in 150 ml dimethoxyethane. This 
solution was added directly to a stirred solution contain- 
ing the following: glycylglycine (27.1 g), sodium bicar- 
bonate (65.5 g), and water (225 ml). Reaction was allowed 
to proceed with stirring for 20 h at room temperature. 
Water (2000 ml) was added and the solution carefully 
acidified with saturated citric acid solution to p H  3. The 
product was extracted into ethyl acetate, the organic 
phase was dried over sodium sulfate, and evaporated to 
dryness under reduced pressure (oil, 96 g). This oily 
product was taken up in ether (260 ml) and purified 
dicyclohexylamine (38.2 g, 0.211 M) was added. The 
solution was refluxed on a steam bath for 2 h during which 
time the salt precipitated. The solution was then allowed 
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TABLE 2. Circular dichroic ellipticities 

EL - E R  (225 nm)" 

0.14 M NaF  1.0 M NaF  

aAIl values o f  AE ( E ,  - E,) are t 5'%, . The calculations are based upon the number of moles of lysine 
in solution (approximately 5-10 Y M'l)  as determined by hydrolysis and amino acid analysis. 
Spectra were first taken at p H  7 in Tris-HCl buffer, 0.01 IM, at the salt concentrations noted. The solutions 
were then adjusted to p H  12 with concentrated sodium liydroxide (1 N )  and the spectra measured. All 
compounds were as their hydrobromide salts. 

hPrepared by HBr removal of the Cbz blocking group from Ar-'-a-acetyl-Ne-Cbz-L-lysine amide (21). 
<Molecular \\eight, I0 250 (end group titration). The lower AE observed for this polymer may be related 

to effccts of thc loucr molecular weight upon the dichroic properties (22, 23). 

Cbz 
t-Boc-lys 

HOSu, DCC 

Cbz I 
t-Boc-lys-OSu gly-gly 

Cbz 
t-Boc-lys-gly 1 HOSu, DCC 

Cbz 
t-Boc-lys-gly-OSu 

I 

1 
Cbz 
lys-gly-osu 
(TFA salt) 

1 (1) TEA 
(2) HBr-HOAc 

HBr 
P O ~ Y - ( ~ Y ~ - ~ Y )  

Cbz 
t-Boc-lys-gly-gly T& 

-f I 

Cbz 
t-Boc-lys-gly-gly-OSLI , TFA 

Cbz 
lys-gly-gly-osu 
(TFA salt) 1 (1) TEA 

(2) HBr-HOAc 

to cool overnight to room temperature. The salt was col- 
lected by filtration and crystallized from ethyl acetate 
(EtOAc) -petrol (30-60^) (107.5 g). 
Nn-t-Boc-NC-Cbz-L-1ysylglycine.DCHA salt was pre- 

pared in a similar manner from NZ-r-BooNe-Cbz-L-lysine 
succinimide ester and glycine. 

Nu-t-Boc-glycyl-N-Cbz-L-lysylcylglycine was prepared 
as the free acid by coupling t-Boc-glycine N-hydroxysuc- 
cinimide ester (15) with NE-Cbz-L-lysylglycylglycine in 
aqueous sodium bicarbonate and working up as des- 
cribed above. The unblocked tripeptide used was pre- 
pared from Nu-t-Boc-Ne-Cbz-L-lysylglycylglycine by de- 
blocking with 1 : 1 (v/v) trifluoroacetic acid (TFA) - 

Cbz 
Iys-gly-gly ' (TFA salt) 

1 
t-BOC-gly-OSU 

Cbz 
t-Boc-gly-lys-gly-gly 

1 HOSu, DCC 
Cbz 

r-Boc-gly-lys-gly-gly-OSu 
I I TFA + 

Cbz 
gly-lys-gly-gly-osu 

(TFA salt) 

I (1)  TEA 
+ (2) HBr-HOAc 

methylene chloride (0.5 h, room temperature) (16) and 
precipitating with ether. 

Actication and Polymerization of the Monomer Blocks 
N-Hydroxysuccinimide esters of the blocked peptides 

were prepared by coupling the free acid (liberated from 
its DCHA salt where necessary) with N-hydroxysuccinide 
using DCC. The coupling was done in ice cold dimethoxy- 
ethane-pyridine (95: 5, v/v). After reaction (usually 6 h) 
the urea was filtered off and the solution evaporated. The 
oily residue was triturated several times with ether to re- 
move excess pyridine. The washed residue was then 
thoroughly dried and treated with an excess of trifluoro- 
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BROWN ET AL.: POLYPEPTIDES. I 3143 

acetic acid and methylene chloride (1 : 1, v/v) at  room 
temperature (20 min). The TFA salt was precipitated by 
addition of 10-20 volumes of ether and then washed 
several times with ether by decantation. 

The TFA-succinimide ester salt (approximately 1 g) 
was suspended in amine-free, purified D M F  in a centri- 
fuge tube (50 ml) to make the solution 1 M in monomer. 
A chain terminator (HCl.N"Cb7-~-lysine methyl ester) 
(1 7) was added to give a monomer: terminator ratio of 50- 
100: 1, depending on the molecular weight desired. Puri- 
fied triethylamine (2-3 mol equiv. per mol of monomer) 
was added and the mixture rapidly stirred with a glass rod. 
N o  attempt was made to remove the heat of reaction. 
The polymerization was allowed to proceed overnight at  
ambient temperature. The gel or viscous solution which 
had formed was then diluted with purified D M F  to give 
a monomer concentration of approximately 0.2 M. The 
polymerization was allowed to proceed for a further 2 or 
3 days. The polymeric material was isolated by addition 
of the DMF solution to approximately 10 volumes of 
acidified water (1 drop concentrated HC1 per liter). The 
resulting solid was collected by centrifugation and dried 
under iacuum. Small nlolecular weight fragments and 
cyclic materials were removed by washing the solid with 
methanol three times (15-25 ml/g). The insoluble residue 
was washed with ether and dried under vacuum. The 
blocked polyn~ers could be generally prepared in 60-80% 
overall yield based upon the amount of monomer acid 
used to prepare the succinimide ester. 

B l o c k i t ~ ~  Group Reniot.ul 
Benzyloxycarbonyl (Cbz) blocking groups were re- 

moved from all polymers with saturated HBr - acetic 
acid (I 8). The hydrobromide salt was isolated by precipi- 
tation with ether. The HBr - acetic treatment acid was 
repeated in order to ensure complete removal of all 
blocking groups. The ether insoluble salt was then washed 
with isopropanol (three times) (10 ml/g) and with ether 
and then thoroughly dried under high vacuum over KOH 
pellets. The extent of blocking group removal after two 
treatments with HBr - acetic acid was estimated from the 

natant (approximately 1.5 ml) was then read to estimate 
the amount of DNA remaining in solution. A solution of 
DNA in the same buffered salt solution without added 
polypeptide was used as a control (100% soluble). It was 
thoroughly mixed to simulate conditions of addition, 
incubated, spun and read as above. The % DNA precipi- 
tated by each of the polymers under these standardized 
conditions is presented in Table 4. 

Results 
Sj~ntliesis of Monon~ers and Poljpeptides 

The synthetic scheme for preparation of the 
monomers and their polymerization is given in 
Scheme 1 .  All monomers were prepared from the 
common N-hydroxysuccinimide active ester I 
via a backing-off procedure (1 5) and led directly 
without racemizatio~l (24, 25) to the desired acid 
products. They were either purified and charac- 
terized directly or  converted to their dicvclo- 
hexylarnine (DCHA) salts for characterizition 
(Table 1). For polymerization the acids were con- 
verted to their respective N-hydroxysuccinimide 
esters since it has been previously demonstrated 
that good yields of polymeric materials could be 
obtained using these esters (26-30). The t-Boc 
blocking group was removed and the resulting 
active ester trifluoroacetate (TFA) salt used for 
polymerization in D M F  solution. During poly- 
merization monomer concentration was kept 
high (approximately 1 M) in order to reduce the 
formation of cyclic and low ~nolecular weight 
material and molecular weights were controlled 
by use of a chain terminator. The polymers were 
isolated by precipitation in acidified water and 

residual benzyloxycarbonyl (Cbr) absorption at  254 nm extracted with methanol to remove cyclic and 
(aqueous solution, approximately 2 mg!'nll ( ~ 2 5 4  200 low molecular weight material. The fully blocked 
(19)). In all cases greater than 99.5% of all blocking groups were generally isolated in 60-80% 
were estimated to have been removed. 

yield based uDon the amount of free acid used to 
Precipitation E.tpei.iment~ 

DNA precipitation experiments were performed by a 
method similar to that described by Leng and Felsenfeld 
(20). To prepare samples with equal 1ysine:DNA-phos- 
phate ratios, 20 pl aliquots of a buffered stock solution of 
the polypeptide icacodylate, 0.01 M, p H  7.0; polypeptide 
1.0-2.5 mg per ml; lysine concentration approximately 
4 x IM) were added sequentially to 3.0 ml of a 
buffered salt so l~~ t ion  containing DNA (50 i- 5 ~g per ml, 
phosphate concentration approximately 1.5 x M). 
Each aliquot was added as the solution was vigorously 
mixed (Vortex mixer). After the final addition to obtain 
the desired ratio (5 x 20 I[]), the solution was thoroughly 
mixed and allowed to equilibrate for 30 min at room 
temperature. At the end of the equilibrium period the 
solutions were again mixed. The tubes (15 ml Corex) were 
then centrifuged at  10 000 r.p.m. (Sorval, rotor SS-34, 
12 000 g) at  4 ' C  for 20 min. The u.v. absorption at  260 
nm (1 cm pathlength) of the top portion of the super- 

prepare the monomer active ester. Two treat- 
ments with HBr - acetic acid were then used to 
ensure con~plete removal of all the benzyloxy- 
carbonyl blocking groups. The resulting hydro- 
bromide salts were washed with isopropanol, 
rinsed with ether, and dried under high vacuum. 

Polypeptide Molec~llar Weights 
Molecular weight determinations of the poly- 

mers (Table 1) were performed on the fully 
blocked material by end-group titration using 
perchloric acid titration in acetic acid (9). After 
unblocking the molecular weights were again 
checked by gel filtration on Sephadex G-100 
(10, 11). This latter determination allowed us to 
determine molecular weight distribution (Table 2) 
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BROWN ET AL.: POLYPEPTIDES. I 

TABLE 4. Amount (%) DNA precipitated by lysine-glycine polymers" 

Salt concentration (M)"  

Polymer 0.15 0.30 0.40 0.60 1 .0 

"Percentage precipitated u a s  estimated at  Iysine -DVA phosphate ratlo, I .O + 0.05. Ail polypeptides 
were as  their hydrobroin~de salts. All values are an  average of three deternilnations. Estimated error 
in each value is i- 5z. 

bSod~um chloride concentration in cacodylate buffer, 0.01 M ,  p H  7.0. 
cTitrated molecular weight, 10 250. 
dTitrated molecular weight, 20 540. 

and  determine if any degradation had occurred 
during the deblocking. As indicated the distri- 
butions were quite narrow and little degradation 
seemed to  have occurred. 

From the gel filtration results, one thing may 
be noted. At  p H  7 all lysine-glycine poly~ners 
seemed to  behave hydrodynamically very much 
like globular proteins, because the end-group 
titrated molecular weights and those determined 
by gel filtration analysis (when globular proteins 
were used as standards) were identical. This 
would indicate that the polypeptides were not 
adopting a rod shaped conformation but were 
completely disorganized in solution. This is in 
accord with following the circular dichroism 
results. 

Circulur Dichroic Spectra 
Circular dichroic spectra have been used to 

investigate the conformation of polypeptides and 
proteins (31). Circular dichroic spectra of poly- 
peptides in the various standard conformations 
are available (32, 33) and co~nparison of these 
with the circular dichroic spectra of the lysine- 
glycine polypeptides would indicate which, if 
any, of the standard conformations the synthetic 
polypeptides adopt. 

Circular dichroic spectra under differing con- 
ditions of p H  (7 and 12) and salt concentrations 
(0.14 and 1.0 M) have been taken of each of the 
polypeptides. The ellipticities a t  225 nm, pre- 
sented in Tabie 2, are based upon the concentra- 
tion of lysine in solution. The ellipticity ob- 
served at  225 nm has been used to coinpare each 
of the polymers with poly-(L.-lysine) in random 
and R-helical conformations ( p H  7 and 12, re- 
spectively) and with NZ-acetyl-L-lysine alnide 
under the sanie experimental conditions. The 225 
nm band is sensitive to changes in environment 

(changes in salt concentration) and conforma- 
tion (changes in pH)  as is readily seen in the 
results obtained with poly-(L-lysine), molecular 
weight 10 250. 

In general, as evidenced by the weak negative 
ellipticity at  225 nm, each one of the lysine- 
glycine polymers exhibited CD spectra at  p H  7 
(0.14 M NaF) which were apparently those of a 
random coil conformation. This may be con- 
trasted with the poly-(L-lysine) spectrurn which 
is that of an  extended or disordered confornia- 
tion under these conditions (34-36). When the 
p H  of the solution was changed to 12 in order to 
neutralize the side-chain charges, the poly-(L- 
lysine) conformation shifted to that of the R- 
helix with the concomitant production of an in- 
tense negative band at  225 nm. With the lysine- 
glycine~polymers, on the other hand, changing 
the-salt concentration (0.14 to 1.0 M) or altering 
the charge on the side chains (pH 7 to 12) caused 
only slight changes in the shapes or intensity of 
the spectra, thus indicating that the insertion of 
one or  more glycines into alternating positions 
along the lysine chain had hindered the forma- 
tion of helical structure. In fact, the observed in- 
tensities of the n-rr* band a t  225 nm were found 
to resemble those of Na-actyl-L-lysine amide, 
again indicating that the lysine residues were 
behaving more or less independently and were 
not being influenced by their nearest neighbors. 
These observations on the influence of the gly- 
cine residue OII helix formation are i11 accord with 
recent ab initio calculations made by Scheraga 
and co-workers (37). 

In conclusion, circular dichroic spectra indi- 
cated that all lysine-glycine polymers were very 
flexible chains, lacking, for the most part, the 
rigidity observed in the polypeptide poly-(L- 
lysine). 
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DNA-Poljpeptide Interactions 
The ability of each of the lysine-glycine poly- 

mers to precipitate D N A  from solution was de- 
termined in a manner similar to that used by 
Leng and Felsenfeld (20). Poly-(L-lysine) of two 
different molecular weights was used to allow 
con~parison of our results (Table 4) with those 
previously reported. As can be seen, a t  a lysine: 
DNA-phosphate ratio of 1 .O, poly-(L-lysine) was 
very cffcctive in precipitating D N A  from solu- 
tion at  salt concentrations below 1 M. In salt 
concentrations at  or above 1 M, poly-(L-lysine) 
became decreasingly effective, as had previously 
been reported (20). A t  salt concentrations above 
0.8 M the amount of D N A  precipitated in- 
creased linearly with lysine - DNA-phosphate 
ratio. The amount precipitated also appeared to 
be dependent upon the molecular weight of the 
sample (see 1 M salt results). 

Three things are immediately obvious when 
comparison is made of the abilities of the lysine- 
glycine polypeptides to precipitate DNA a t  
1ysine:DNA-phosphate ratios of 1.0: (a) all 
polymers are ineffective at  precipitating D N A  
above sodium chloride concentrations of 0.40 M ;  
(6) in 0.30 M salt solutions, their precipitating 
ability is apparently inversely proportional to 
either charge density or molecular weight; (c) the 
most striking difference among the polymers is 
seen under physiological conditions (i.e. p H  7.0, 
0.15 M sodium chloride). Of all polymers, poly- 
(L-lysylgiycine) precipitated the least at  0.15 M 
salt even though it has the highest nlolecular 
weight and charge density. Poly-(L-lysylglycyl- 
glycine) is almost as ef'fective as poly-(L-lysine) 
under these conditions while poly-(glycyl-L- 
lysylglycylglycine), on the other hand, did not 
completely precipitate the DNA. 

The differing abilities of the lysine-glycine 
polymers to precipitate D N A  under the physio- 
logical conditions d o  not appear to be caused 
simply by changes in charge density along the 
peptide chain. I t  is unlikely to be a reflection of 
the initial conformational dlfferences since the 
c.d. data indicates that each has roughly the 
same conformation. Rather, the diEerences seem 
to arise from the changing lysine-lysine spacings 
in the polymers. 

As can be seen from the c.d. spectra the lysine- 
glycine polymers exist in a random conforma- 
tion. The insertion of an  amino acid containing 
n o  side chain between the lysines seems to have 

caused a complete loss of the disordered or ex- 
tended conformation of poly-(L-lysine) (34-36). 
These results seem to be in accord with recent ab  
initio calculatioi~s made on the conformational 
stabilities of polypeptides containing glycine 
residues (37) and support the fact that when- 
ever one glycine residue, and most certainly 
whenever two are found in sequence, the sur- 
rounding polypeptide chain conformation will 
be broken. 

The precipitation experiments show that con- 
siderable difference exists in the ability of the 
lysine-glycine polymers to precipitate D N A  from 
solution, especially at  physiological salt concen- 
trations (0.15 M). These differences must reflect 
changes in primary sequence only and not 
changes in initial conformational states, since the 
c.d. spectra indicate that each has essentially the 
same conformation. The differences are not a 
reflection of changes in molecular weight since 
poly-(L-lysylglycine) with a molecular weight of 
19 000 precipitated jess D N A  than poly-(L- 
lysylglycylglycine) with a molecular weight of 
12 500. The cause of the differences must reside 
then in the changing lysine-lysine spacings which 
would lead to alterations in the degree of coin- 
cidence of lysines and DNA-phosphates in the 
complex. 

The differences amongst the polymers can be 
satisfactorily explained by a modified version of 
a previous proposal (38). The distance between 
phosphate groups spacings along the sugar 
phosphate backbone in one strand of D N A  
(P-conformation) is 7.1 A (39). In  poly-(L-lysine) 
inter-lysine side chain distances depend upon 
helix geometry, but are approxin~ately 3.5 A in 
the disordered or zig-zag form (46). Thus, in 
poly-(L-1ysine)-DNA con ip lexe~~  every other 
lysine residue is out of phase with the phosphates, 
and thus is available to make not only inter- 
strand bonds which would cause helix disruption 
and lead to DNA aggregation but also bonds 
betneen two DNA helices and so crosslink the 
helices. This network would be more easllg 
centrifuged from solution. In poly-(L-iysyigry- 
cine), the inter-iysine spacings are about 7 
apart, depending again oil the helix geometry. 
The random form, indicated by the c.d. results, 
could easily adopt a zig-zag form, and this would 
put the two side chains very nearly 7.2 A apart 
(40). This distance would allow each iysine resi- 
due to be coincident with a DNA-phosphate 
within the same strand. The result would lead to 
little or  no helix disruption andlor crosslinking 
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of the complex, and thus, a greater solubility. 
Similar arguments would explain the results 
obtained for the two other polypeptides; poly- 
(L-lysylglycylglycine) would have every second 
lysine out of phase, while each lysine in poly- 
(glycyl-L-lysylglycylglycine) could coincide with a 
DNA phosphate. The increased amount of cross- 
linking seen in going from poly-(L-lysylglycine) 
to poly-(glycyl-L-lysylglycylglycine) may be ex- 
plained by a diminished cooperative factor by 
which one Iysine is able to position the sub- 
sequent lysine for the making of the next lysine- 
phosphate bond. 

The results we have obtained through the pre- 
cipitation experiments may have relevance to the 
interaction of proteins, especially of lysine-rich 
histones, with DNA (41). Our observations on 
the interactions of the polypeptides with DNA 
indicate a similarity in behaCior between the 
lysine-rich histone F1 and the polypeptides 
described here, since little or no complex forma- 
tion was observed above 0.4 M salt. Histones F1 
can be dissociated from the calf thymus chroma- 

4. M. TSUBO~. In Conformation of biopolymers. Vol. 2. 
Edited by G .  N. Ramachandran. Academic Press, 
N.Y. 1967. p. 689. 

5. A. A. COSTOPANAGIOTIS, J. PRESTO\, and B. WEIN- 
STEIN. J. Org. Cheni. 31, 3398 (1968). 

6. D. D .  PERRIN, W. L. F. ARMAREGO, and D. R. PER- 
RIN. Purification of laboratory chemicals. Pergamon 
Press, N.Y. 1966. 

7. E. SCHNABEL. Ann. Chem. 702, 188 (1967). 
8. H. R. MAHLER, B. KLINE, and B. D .  MOHROTRA. J. 

Mol. Biol. 9, 801 (1964). 
9. M.  SELA and A. BERGER. J. Am. Chem. Soc. 77, 1893 

(1955). 
10. B. RADOLA. J .  Chrornatogi-. 38, 61 (1968). 
11. B. G .  SOHAYSSON. In New techniques in amino acids 

peptide and protein analysis. Edited bj .  A. Nieder- 
wieser and 6 .  Pataki. Ann Arbor Science I'ublishers, 
Ann Arbor, Mich. 1971. p. 249. 

12. C. WILSON, R. F. KIBLER, and R.  SHAPIRA. Anal. 
Biochem. 35, 371 (1970). 

13. E. KATCHALSKI. 111 Methods in enzy~nology. Vol. 3. 
Edited by S. P. Colowick and N.  0 .  Kaplan. Aca- 
demic Press, N.Y. 1957. p. 540. 

14. J. P. G R E E ~ S T E I N  and M .  WIYITZ. Chemistry of the 
amino acids. J. Wiley, N.Y. 1961. p. 865. 

15. G .  W. A ~ D E R S O N ,  J .  E. ZI\T\IERMA\, and F. M. 
CALLAHAN. J .  Am. Chem. Soc. 86, 1839 (1964). 

16. B. GUTTE and R. B. MFRRIFIELD. J. Biol. Chem. 246, 
tin complex quite readily with salt concentrations 1922 

around 0,5 (41 ), These observations might lead 17. R. A. BOISSOKYAS, S. C U T T M A ~ ~ \ ,  R.  L. HUGUENN, 
P.-A. J A Q U E ~ O D ,  and E. SAUDRIN. Helv. Chem. Acta, 

one to conclude that the electrostatic bonds be- 41, 1867 (19581, 
tween DNA and histone F1 are either very ac- 18. J. P. G R E E ~ S T E I ~  and M.  WINITZ. Chemistry of the 
cessible to dissociation and the number of chjrged amino acids. J .  Wiley, N.Y. 1961. p. 1245. 

- 

amino acid groups are spread along the chains, 19. M. FRIUKII~,  A. P A T C H O R ~ I K ,  and E. KA-ICHALSKI. 
J. Am. Chem. Soc. 90, 2953 (1968). 

Exalninatioll of the primary sequence of 20. M. LEXC and G.  FELSENFELD. Proc. Natl. Acad. Sci. 
F1 fractions indicates that only two short blocks U.S. 56. 1325 (1966). , , 

pf basic amino acids exist in the ~llolecule where- 21. K.  Darco, W. T. BRADY, and L. J .  REED. J .  Am. 

as the remainder of the basic groups are spread Chem.  Sot. 84. 622 

throughout the chain (42), This distribution of 22. J .  M. V O ~ R N A K I S ,  J .  F. YAN, and H .  A. SCHERAGA. 
Biopolymers, 6, 153 1 (1 968). 

charges would make it more easily dissociated 23. 1. TIKOCO, R. M .  woonu, and D. F. BRADLEY. J .  
from complexes with DNA. Chem. Phys. 38, 1317 (1963). 

Experiments, now in progress, are aimed at 24. J. E. Z l h l h l t ~ l i ~ ~  and 6.  W. AYDERSON. J. Am. Chem. 

examining the physicochemical nature of corn- Sot. s9> 7151 
25. N. IZU~TIYA.  M. MURAKO, and H.  AO\~AGI.  Bull. 

plexes formed between these lysine-glycine poly- Cllem, Sot, 44, 3391 (1971). 
peptides and DNA's of various base composi- 26, B. B. DOYLE, W. TRAUB, G.  P. LOREYZI, F. R.  
tions. 

The authors wish to thank M .  Hector Seguin for the 
elemental analyses and for determining the polymer 
molecular weights by titration. Preliminary experiments 
on  the synthesis of monomer blocks Mere carried out by 
Mr. Eric Wisernan, NRCC summer student, 1969-1970. 
Large-scale syntheses of several of the intermediates were 
done by Mr. 
1971-1972. 

Eric M. Grovestine, NRCC summer student, 

1. L. S. HNILICA. The structure and biological functions 
of histones. CRC Press, Cleveland, Ohio 1972. 

2. R.  J. DELANGE and E. L. SMITH. Ann. Rev. Biochem. 
40, 279 (1971). 

3. D. E. OLINS, A. L. OLINS, and P. H. v o s  HIPPEL. J. 
Mol. Biol. 24, 157 (1967). 

B~owiv ,  111, and E. R.  BLOUT. J. Mol. Biol. 51, 47 
(1970). 

27. 6. P. LOREUZI, B. B. DOYLE, and E. R. BLOUT. 
Biochemistry, 10, 3046 (1971). 

28. M.  FRIDKIN, A. FREYKEL, and S. ARIELY. Biopoly- 
mers, 8, 661 (1969). 

29. 6 .  RAMACHANDRAN, A. BERGER, and E. KATCHALSKI. 
Biopolyrners, 10, 1829 (1971). 

30. V. A. SHIBNEV, T. P. CHUVAEVA, K.  T. POROSHIN. 
Izv. Akad. Nauk. SSR Ser. Khim. 121 (1970). 

31. (a)  I. TINOCO, JR. and C. R. CANTOR. In Methods of 
biochemical analysis. Edired by D .  Glick. Wiley- 
Interscience, New York. 1970. p. 81 ; (b) S. BEYCOCK. 
l i z  Poly a-amino acids. Edited by G. D.  Fasman. 
M. Dekker, New York. 1967. p. 293. 

32. G .  HOLZWORTH and P. DOTY. J. Am. Chern. Soc. 87, 
218 (1965). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

D
A

D
 P

O
L

IT
E

C
N

IC
A

 D
E

 V
A

L
E

N
C

IA
 o

n 
11

/1
1/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



3 148 C A N .  3 .  CHEM.  VOL. 5 2 .  1974 

33. G.  D. FASMAN and J .  POTTER. Biochem. Biophys. 
Res. Commun. 27, 209 (1967). 

34. D. 6. DEARBORN and D. B. WETLAUFER. Biochem. 
Biophys. Res. Comrnun. 39, 314 (1970). 

35. M.  L. TIFFANY and S. KRIMM. Biopolymers, 6, 1379 
(1968). 

36. M. L. TIFFANY and S. KRIMM. Biopolymers, 8, 347 
(1969). 

37. V. S. AU.A~THANARAYNAN, R. H. ANDREATTA, D. 
POLAND, and H. A.  SCHERAGA. Macromolecules, 4, 
417 (1971). 

38. M. H. F. Wrr~rhs .  Cold Sprrng Harbour Symp. 
Quart. Brol. 21, 75 (1956). 

39. R. E. FRAWLIN and R. G. G ~ S L I U G .  Nature, 171, 
740 (1953). 

40. R. B. COREY and L. PAIJLING. Proc. Roy. Soc. Lond. 
Ser. B 141, 10 (1963). 

41. J. D. WATSOU and F. H. C. CRICK. Nature, 171,964 
(1953). 

42. L. S. H\ILICA. The structure and b~ological functions 
of h~stones. CRC Press, Cleveland, Ohro. 1972. 
p. 168. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

D
A

D
 P

O
L

IT
E

C
N

IC
A

 D
E

 V
A

L
E

N
C

IA
 o

n 
11

/1
1/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 




