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Localization of the Structural Change Induced in
tRNAMet (Escherichia coli) by Acidic pH'

Minou Bina-Stein and Donald M. Crothers*

ABSTRACT: We have compared the molecular mechanism
of thermal unfolding for native tRNAMet (Escherichia
coli) and the denatured species produced by annealing at
pH 4.3. Relaxation kinetic measurements reveal that the
transitions assigned to melting of TyYC, anticodon, and ac-
ceptor stem helices at neutral pH remain essentially unal-
tered at pH 4.3, but the transition corresponding to coupled
melting of tertiary structure and dihydrouridine helix is
greatly affected. The Ty, of this region is more than 20°

The structure of tRNA molecules is frequently sensitive
to their environment. The earliest examples of this were the
denatured forms of tRNAL" (yeast) and tRNATP (Esche-
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higher at pH 4.3 and it has a larger enthalpy of formation
than in the native state. The transition dynamics are also
considerably changed. In contrast to the native structure,
tRNA™et; and tRNA™et; have similar tertiary structure
stabilities at pH 4.3. We conclude that the structural differ-
ence between native and acid-denatured forms is localized
in the tertiary structure-dihydrouridine helix cooperative
interaction region of the molecule.

richia coli) (Lindahl et al., 1966; Gartland and Sueoka,
1966; Lindahl et al., 1967), which are induced by removal
of Mg?* or by other changes in environmental conditions.
Later, Cole et al. (1972) showed that at reduced ionic
strength and without Mg?*, many tRNAs take on an al-
tered form. Furthermore, reduction of pH is also known to
change tRNA structure (Bina-Stein and Crothers, 1974).
Finally, it is not clear to what extent the influence of crystal
form on structure may be responsible for residual disagree-
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ment about the three-dimensional structure of yeast
tRNAPhe (Robertus et al., 1974; Kim et al., 1974).

Assignment of a structural basis for the conformational
differences observed in solution has not been straightfor-
ward. The problem has been approached using nuclear
magnetic resonance (NMR) measurements (Wong et al.,
1973; Kearns et al., 1974), enzymatic digestion patterns
(Streeck and Zachau, 1971), oligonucleotide binding (Uh-
lenbeck et al., 1972), and tritium exchange (Webb and
Fresco, 1973), with results that are generally informative
but not definitive. Our purpose here is to illustrate another
strategy for approaching the problem. The principle is sim-
ple: we look for changes in the thermal unfolding pattern of
the altered form, comparing it with the pattern for the na-
tive form. When the structural basis for individual unfold-
ing steps is known for the native structure, disappearance or
alteration of one of the steps indicates a modification of the
corresponding structural region. If, on the other hand, a
particular melting transition is unmodified it is likely that
the corresponding structure is still intact, although one
must acknowledge the possibility that the altered structure
has a new interaction region with thermodynamic and ki-
netic properties coincidentally identical with those of a re-
gion in the native form.

tRNA™et from E. coli provides particularly favorable
circumstances for this approach to localizing the structural
basis for RNA conformational changes. Combination of
proton NMR and relaxation kinetic measurements recently
allowed us to specify the molecular mechanism of thermal
unfolding of tRNAMet; (Crothers et al., 1974). Four steps
are involved: first, at lowest temperature, there is simulta-
neous melting of the dihydrouridine (D) helix plus tertiary
interactions, followed by approximately sequential melting
of the TYC helix, anticodon helix, and acceptor stem. Wide
separation of these transitions is possible only in absence of
Mg?*, but our more recent work (A. Stein, to be published)
indicates that this is not a serious disadvantage, since addi-
tion of Mg?* does not produce any new melting transitions.

As we will report here, tRNA™¢ shows altered structure
at acidic pH, analogous to the behavior reported earlier for
tRNATY (E. coli). Relaxation kinetic measurements of the
thermal unfolding of tRNA™et at pH 4.3 show that the last
three melting steps change very little from their character-
istics at neutral pH, but the first step, corresponding to
melting of D helix plus tertiary structure, is grossly altered.
This implies that the difference between neutral and acid
forms is located in that region of the molecule.

Another advantage of the tRNAM:®t system is the slow
renaturation of the acid form when neutral pH is restored.
This allows us to measure aminoacylation under conditions
where the acid form renatures only slowly. From these ex-
periments we conclude that the acid form is either charged
much more slowly than the native form, or not charged at
all. Tt is important to note that the presence of Mg2* does
not prevent tRNA from adopting an altered structure at
acidic pH, since tRNAMet exposed to acid in Mg?* also
charges more slowly than native tRNAMe¢t However, the
altered renaturation kinetics when Mg?* was present dur-
ing annealing at acidic pH indicates that the acid structure
formed with Mg?* is not identical with the acid form with-
out Mg2*,

Materials and Methods

tRNA/Met (E. coli) containing roughly 60% tRNAMet,
and 40% tRNAMety was purchased from Miles Laborato-
4186
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ries. The acceptor activity of the sample was 1720 + 35
pmol/ 4360, indicating high purity. A sample of tRNAMet,
without Sg-C;3 cross-link and with tRNA™Me removed
was obtained from Oak Ridge National Laboratory. Sam-
ples were dialyzed first against distilled water, then four
times against 100 mM EDTA before final dialysis against
the measurement buffer.

The acceptor activity was determined in an assay system
containing 100 mM cacodylate buffer (pH 7.0), 2 mM
ATP, 10 mM KCI, 10 mM magnesium acetate, and appro-
priate amounts of tRNA™¢t aminoacyl-tRNA synthetase
(a crude preparation from E. coli K12 generously provided
by Dr. David Yang). and ['*C]methionine (Schwarz/
Mann, specific activity 55.4 Ci/mol). The reaction mixture
was incubated for 10 min at 37°, then chilled in an ice bath.
A known amount of the mixture was transferred to a 3MM
Whatman disk, which was washed in cold trichoroacetic
acid, ethanol, and ether, and finally with ether. After
drying, the disk was counted in the usual manner in a Pack-
ard Model 3320 liquid scintillation counter.

Charging kinetics were measured on tRNA samples di-
alyzed against appropriate buffers. At various time inter-
vals aliquots were transferred to a filter disk and prepared
for counting as described above.

Buffers. Two principal buffers were used in this study.
The acidic buffer (buffer I) contained 10 mAf sodium ace-
tate (pH 4.3), 1 mM EDTA, and an appropriate amount of
NaCl to bring the sodium ion concentration to 170 mM.
Buffer IT contained 1 mM cacodylate buffer (pH 7) instead
of acetate, but was otherwise identical. EDTA was omitted
from buffer I for the buffer (buffer 1II) used in the pH-
jump experiment.

The acid form of tRNA/Me was prepared by dialysis of
the sample against buffer I, followed by incubation at 70°
for 10 min, and quenching in an ice bath.

pH-jump experiments were performed in two ways. Ei-
ther the pH was raised from 4.3 + 0.01 to 7.0 £ 0.1 by add-
ing an appropriate amount of a solution containing 10 mM
sodium cacodylate and 140 mM NaOH, or 20 ul of a con-
centrated solution of the acid form of tRNAfMet at pH 4.3,
no Mg’*, was added to 1 ml of a solution containing 100
mM sodium cacodylate (pH 7), 10 mM KCI, and 10 mM
magnesium acetate. The latter condition corresponds to the
buffer used for measuring aminoacylation of the acid form.
Following mixing of the solutions {dead time less than 20
sec), the absorbance change was followed on a Cary 14
spectrophotometer at 260 nm.

pH difference spectra for two samples with identical salt
and tRNA concentrations but at pH values of 4.3 and 7.0
were determined by first measuring the (base line) differ-
ence spectrum between identical samples at pH 4.3. The pH
of one sample was raised to 7.0 as described for pH-jump
experiments, and an identical volume of pH 4.3 buffer was
added to the other sample to compensate for tRNA dilu-
tion. The new increase or decrease in absorbance relative to
the base line was then measured as a function of wavelength
on the Cary 14.

Molecular weight measurements utilized a Spinco Model
E analytical ultracentrifuge equipped with uv optics and a
photoelectric scanner. All runs were made in a 12-mm Epon
double sector cell at a concentration of about 0.6 440/ ml
in buffer I at 10°.

Melting curves were measured on a Cary 14 spectropho-
tometer, with cell compartment thermostated at 25°.
Water-jacketed 1-cm spectrophotometer cells (Helma QS
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FIGURE 1: (a) Melting curve of tRNA™et (E. coli) at pH 4.3 (0.17 M
Na*) measured at 335 nm. The sample had no prior heat treatment.
Slow absorbance drift was observed beginning at 40°. (b) Melting
curve of tRNAMet at pH 4.3 (0.17 M Na*) at 335 nm. The sample
was heated for 10 min at 70° prior to determination of the transition
curve, which was found to be reversible on cooling.

160) were thermostated with another circulating bath.
Melting curves were recorded using the 0-0.1 absorbance
slidewire, and T, was taken as the temperature at which
the absorbance had risen half-way between its initial and
final values.

Temperature-jump measurements were carried out on
the instrument previously described (Crothers, 1971). At
lower temperatures a temperature jump of 3.7° was
achieved by discharge through the cell of 20 kV on a 0.05
uF capacitor. In order to avoid cavitation at high tempera-
tures, the temperature jump size was reduced by using pro-
gressively smaller high voltages.

Each relaxation signal A4 is characterized by a set of ex-
ponential decay time constants, called the relaxation times
7;, and the associated magnitudes of the signal change,
called the relaxation amplitudes AA4;:

AAd =3 AA;exp(—t/7i)

Several relaxation times were observed, depending on the
temperature. When the relaxations were well separated on
the time axis, each was analyzed as a simple exponential. If,
however, two relaxations differed in time constant by only a
factor 2 to 10, they were separated graphically. The longer
relaxation time was determined first, and its amplitude was
subtracted from the total effect to yield the relaxation time
and amplitude of the faster effect. It is important to realize
that there is considerable uncertainty in coupled relaxation

BIOCHEMISTRY, VOL. 14, No. 19, 1975

1000p—
[ ]
I
(3
8 8
o
I
(-9
& [
L ]
1oo}—

B °
|0|111[L1|1114
3.5 3.4 3.3

1 /T x 10 3

FIGURE 2: Semilogarithmic plot of the relaxation time obtained fol-
lowing a change of pH, from 4.3 to 7, for a sample of tRNA™et an.
nealed at pH 4.3. (O) Measurements without Mg?+; (@) experiments
in which Mg?* was present at pH 7.0. The slope of the semilog plot vs.
reciprocal temperature yields an Arrhenius activation energy of 38 + 3
kcal/mol.

times and amplitudes determined by this method.

Amplitude data were analyzed by plotting AA4;/AT vs.
the average of initial and final jump temperatures. The re-
sult is a differential melting curve whose width is deter-
mined by the apparent transition enthalpy AH (Gralla and
Crothers, 1973; Crothers et al., 1974).

Results

(a) Equilibrium Melting Curves. The melting curve of
tRNAMet at 335 nm and pH 4.3 is, unlike tRNATY" (Bina-
Stein and Crothers, 1974), nearly indistinguishable from
that measured at neutral pH (Cole et al., 1972). Both the
shape and hyperchromicity of the transitions at 335 and
260 nm are the same as measured under neutral pH condi-
tions (Figure 1). However, considerable upward drift of the
335-nm absorbance was observed between 40 and 55° (Fig-
ure 1), reaching equilibrium only after more than 2 hr.
When the sample was cooled stepwise, the melting curve
was observed to be irreversible. We therefore treated a sam-
ple at pH 4.3 for 10 min at 70° prior to melting, and found
the fully reversible melting curve shown in Figure 1b. The
prior heat treatment greatly alters the melting curve at 335
nm, but has little effect on the 260-nm transition. The tran-
sition curve at 335 nm is still biphasic, but the hyperchromi-
city of the first transition is considerably reduced; the hy-
perchromicity of the second transition is essentially un-
changed by prior heat treatment (Figure 1).

(b) pH-Jump Experiments. We performed pH-jump ex-
periments (Bina-Stein and Crothers, 1974) on the heat-
treated acid form of tRNAMet in order to observe the ki-
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FIGURE 3: Charging kinetics of native and acid forms of tRNA™Met
(a) Charging of the native form; (O) charging of tRNA™¢t annealed
at pH 4.3 without Mg?*, and added to the charging assay mixture at
time ¢+ = 0. (@) charging of tRNA™¢t annealed at pH 4.3 with 0.3
mM Mg?*. Data for two temperatures are shown, 15° (upper) and 20°
(lower).

netics of reconversion to the native form. Rates were mea-
sured in the absence or presence of Mg2*. In the former
case NaOH was added to raise the pH from 4.3 to 7, and in
the latter a concentrated acid-form tRNA sample was di-
luted into a magnesium-containing solution with the com-
position of the charging assay buffer (see Materials and
Methods). Exponential decay times for the conversion, ob-
served spectrophotometrically, are shown in Figure 2. The
time constant when Mg?* is present at neutral pH is about
twice as long as when Mg?* is absent, but the activ. tion
energies are very similar in the two cases (38 £+ 3 kcal/
mol). We emphasize that Mg?* was not present while the
tRNA sample was heat treated at acid pH in these experi-
ments.

(c) Charging Kinetics. From the pH-jump experiments
we infer that the conversion of the heated acid form to the
native structure is very slow at low temperature. This slow
reconversion made it possible to test the chargeability of the
acid form. Figure 3 shows that the rate of its charging is
much slower than for the native form. Quantitative compar-
ison indicates that charging occurs at the rate expected for
renaturation. For example, at 20°, a fraction 1/e remains
uncharged at about 900 sec, closely comparable to the opti-
cally observed renaturation time constant in the presence of
Mg2*. Hence the acid form is either charged much more
slowly than the native structure, or it may not be charged at

4188

BIOCHEMISTRY, VOL. 14, NO. 19,

1975

BINA-STEIN AND CROTHERS

X (nm)

J I B

240 260 280 300 320 340
X (nm}

| [ R | .

FIGURE 4: Difference spectra for tRNAMet (a) tRNA™et anpealed
at pH 4.3 (sample) — tRNA™¢t annealed at pH 7 (reference). Con-
centration, 1.3 4a60/ml. (b) tRNAM™e annealed at pH 4.3 (sample) —
tRNAMet dialyzed to pH 4.3 but not heated (reference). Concentra-
tion 1.3 4360/ ml.

all. In either case, the structural difference induced by low
pH is evidently sufficiently large to interfere with tRNA
function.

Figure 3 also shows the effect on charging kinetics when
Mg2* was present during the acid heat treatment. Charging
is faster than when no Mg?* was added at that stage, but
not as rapid as for the native form. (All of the charging re-
actions, of course, occur in the presence of Mg2*). Since
charging is not equivalent for an acid + Mg?* heat-treated
tRNA and the native tRNA structure, we are forced to
conclude that even in the presence of 0.3 mM Mg?*, low
pH induces a structural alteration in tRNA. The structure,
however, is different from that produced when Mg?* is ab-
sent during heat treatment at pH 4.3, since the two charg-
ing rates are different.

At higher temperatures the renaturation rate is rapid
enough so that the charging rates of acid and native forms
are nearly equal. In the usual 10-min incubation at 37°, ac-
ceptor activities were 1735 + 35 mol/ A6 and 1720 + 35
pmol/Azep for acid and neutral forms, respectively. Hence
this particular denatured form is sufficiently labile not to be
detected under the usual assay conditions. It is worth noting
that the data in Figure 1 indicate that the native form at
pH 4.3 is kinetically more stable than the acid form at neu-
tral pH. At pH 4.3, temperatures above 40° are required
before conversion to the acid form can be detected from
drift in the 335-nm absorbance.

(d) Equilibrium Sedimentation. Loss of acceptor activity
due to aggregation has been reported for a number of



STRUCTURAL CHANGE IN TRNAfMet

Table I: Comparison of Thermiodynamic and Kinetic Properties of Melting Transitions Observed for Native and Acid Forms of tRNAfMet,

tRNAfMet (Buffer I), “Heated acid form”

tRNAfMet pH 7 (Crothers et al., 1974), “Native” neutral structure

AH Eq AH Eq
Structural Tmax (kcal/ (kcal/ Structural Tmax (kcal/  (kcal/
Transition Region Tm(°C)  (msec) mol) mol) Transition Region Tm(°C)  (msec) mol) mol)
1,2 “Altered 67 90 80 1 (fMet 3) DHU helix 30 30 -
structure” +
2 (fMet 1) “tertiary 46 + 1 7.0 52+5 50
interaction”
3 Ty Carm 59+3 0.013 53+ 10 47 £ 10 3 Ty Carm 61 =2 0.013 54 + 10 55
4 Anticodon 71+2 0.050 64 + 4 43+ 10 4 Anticodon 70 £ 10 0.08 58 + 15 49
arm arm
5 Acceptor 74 + 3 1.0 64+ 4 65 10 5 Acceptor 772 1.3 70+ 10 62
stem stem
tRNA species (Schleich and Goldstein, 1964; Soll et al., 25—
1967, Hampel et al., 1971; Adams and Zachau, 1968; Yang F
et al., 1972). To determine whether the heated acid form of 20~
tRNAMet is 5 dimer or other aggregate, we determined the > F
molecular weight by sedimentation equilibrium. According * sk a
to Casassa and Eisenberg (1964), the molecular weight A < F
of a high molecular weight species in a multicomponent 9 rob-
mixture is given by o
2RT \dlnc °F
o= (2R )i E
(ap/acz)l“' dx OLllillllIJIILA‘[III[!IAIII[JIIJ_J
50 55 60 65 70 75 80

where ¢, is the concentration, x the distance from the axis
of rotation, and R and T have their usual meaning. The fac-
tor (8p/ac2),, the density increment due to addition of ¢; at
constant chemical potential of the dialyzable components,
has not been directly determined for tRNA. Therefore, we
use instead a value calculated from our earlier measure-
ments on tRNATY" (Yang et al., 1972) under comparable
(but not identical) ionic conditions, (8p/dc2), = 0.409. Sed-
imentation equilibrium studies at 10° and 17980 rpm (buff-
er I, pH 4.3) yielded a molecular weight for the acid form
of 2.81 X 10% in close agreement with the value 2.86 + 104
calculated for the sodium salt from the known sequence.
Hence the heated acid form is monomeric.

(e) Difference Spectra. Figure 4a shows the difference
spectrum between the acid form (at pH 4.3) in the sample
compartment with an identical concentration of tRNAMet
at pH 7 in the reference beam. The acid form is hyper-
chromic relative to the neutral form, with a differential
maximum around 290 nm and a secondary maximum at
258 nm. Protonation of cytidine yields a differential maxi-
mum at 290 nm, and is probably responsible for the major
spectral difference between neutral and acid forms (Bina-
Stein and Crothers, 1974). Figure 4b shows the spectral dif-
ference between the heated acid form at pH 4.3 (sample)
and the metastable native form also at pH 4.3 (reference).
Conversion to the acid form at pH 4.3 causes an increase in
absorbance, with differential maxima at 250 and 330 nm.

(f) Relaxation Kinetics. The experiments reported so far
establish that tRNAfMet takes on an altered conformation
when annealed at pH 4.3, but they do not provide any infor-
mation on the underlying molecular details. The relaxation
kinetic experiments were designed to compare the melting
of the acid form of tRNAMet with the previously reported
results for the native form at neutral pH (Crothers et al.,
1974). Three transitions (3, 4, and 5) were found to be vir-
tually unaltered by the change in pH from 7 to 4.3. Differ-
ential melting curves for these are shown in Figure 5, and

BIOCHEMISTRY, VOL.
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FIGURE 5: Differential melting curves for the relaxation effects 12, 3,
4, and 5 found for tRNA™et annealed and measured at pH 4.3, 0.17
M Na®. The transitions are assigned to melting of TYC helix, “wrong
structure”, anticodon helix, and acceptor stem in order of increasing
T

the relaxation times are plotted as functions of thermody-
namic and kinetic properties for melting of the native and
acid forms. (Note that for convenience the numbering sys-
tem for transitions adopted in our earlier paper (Crothers et
al., 1974) has been retained here, even though the numbers
do not correspond to the order or number of transitions ob-
served in the present case.) It is evident from the results col-
lected in Table I that the characteristics of transitions 3, 4,
and 5 are very similar in the native and acid forms. The T,
values are lower by an average of 2° in the acid form which
can be accounted for by the lower pH, and the transition
rates are also nearly the same in acid and native states.

The major change in thermal unfolding behavior when
tRNAMet js annealed at low pH is in the transition labeled
12 (Figures 5 and 6). This melting step replaces the sepa-
rate transitions 1 and 2 seen in tRNA™et; and tRNAMet; |
respectively (Crothers et al., 1974). In the Miles sample of
mixed isoacceptors 1 and 3 at acid pH, only one transition,
712 (Figure 5), could be resolved in addition to the effects 3,
4, and S; the same transition was found in a sample of puri-
fied tRNAMet; (Jacking Sg-C)3 cross-link). Therefore the
two separate transitions 1 and 2 are replaced at acid pH by
a single transition, with Tp, increased to 67° from 30° and
46°. The maximum value of the relaxation time (at the low-
est temperatures of observation) was about 90 msec (Figure
6), compared with 3 and 7 msec for 7; and 7,. Finally, the
measured enthalpy is 80 kcal/mol, compared to 30 and 52
kcal/mol for transitions 1 and 2, respectively. Hence it is
evident that the structural interaction region which be-
comes unbonded in transition 2 (tRNAMe,) or transition 1
1975 4189
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FIGURE 6: Variation of relaxation times 12, 3, 4, and 5 with reciprocal
temperature; conditions as in Figure 5.

(tRNAMety) s substantially altered in the acid form; fur-
thermore, the phenomenon cannot be ascribed to material
containing an Sg-Cj3 cross-link. An alteration is implied by
the change in thermodynamic and kinetic parameters, and
simple protonation is ruled out as the source of the change
by the slow rate and large activation energy of reconversion
to the native state. We conclude that in the acid form the
dihydrouridine helix-tertiary interaction region has a sub-
stantially altered structure.

Discussion

The results reported here show that the dihydrouridine
helix-tertiary structure region of tRNA™Met ig altered by
annealing at low pH. The new structure has a higher T,
and greater enthalpy of stabilization than the neutral pH
tertiary structure. We infer from the results that the antico-
don helix, TYC helix, and acceptor stem helix are most
probably unaltered at low pH, although we cannot definite-
ly exclude replacement of one or more of those by an al-
tered helix with stability and dynamics coincidentally iden-
tical with a helix present in the neutral form.

The identification of the tertiary structure-dihydrourid-
ine helix as a labile region subject to polymorphism paral-
lels recent models which implicate the same region in the
denatured structure of tRNALet (Uhlenbeck et al., 1972;
Wong et al., 1973). It will be of particular interest to ob-
serve the extent of variation in that region as further three-
dimensional structures are obtained for tRNA, especially if
changes are observed under different crystallization condi-
tions. Structural changes dependent on pH are known in
protein crystallography (Vandlen and Tulinsky, 1973; Mav-
ridis et al., 1974), and they can be inferred to occur in other
RNAs from the hysteresis observed in acid-base titrations
of RNA (Revzin et al., 1973).
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Our results cannot, of course, specify the nature of the
structural change in the tertiary structure-dihydrouridine
helix region, but they provide a few observations that bear
on that question. First, since the striking difference between
tRNAM™et, and tRNA™e, in tertiary structure stability
disappears in the acid form, the m’G at residue 47 no long-
er plays a special role in stabilizing the tertiary structure.
Second, we found that the TYC helix could melt before the
“tertiary” structure in the acid form. We have not found
this to occur in the native structure. For example, when
Mg2* is added to stabilize the tertiary structure of
tRNA™Met at neutral pH, the TYC helix Tp, begins to in-
crease when it would otherwise be surpassed by the tertiary
structure T, (A. Stein, to be published). The decoupled
melting observed in the acid form could mean that tertiary
interactions in that state do not involve bonding to the TyC
helix or loop. Chemical modification experiments as a func-
tion of pH (which is a neglected but potentially important
variable in such studies) might help clarify this question.
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Infrared Linear Dichroism Investigations of Deoxyribonucleic
Acid Complexes with Poly(L-arginine) and Poly(L-lysine)?

J. Liquier, M. Pinot-Lafaix, E. Taillandier, and J. Brahms*

ABSTRACT: Complexes between DNAs from various
sources and poly(L-lysine) and poly(L-arginine) were stud-
ied by means of infrared linear dichroism. The measure-
ments of dichroic ratios allowed us to determine the orien-
tation of the phosphate group of DNA in the complexes
with basic polypeptides. At high relative humidities (higher
than 90%, B form), the bisector of the ZOPO in the com-
plexes forms an angle with respect to the helical axis which
has a value lower by about 4° than in the corresponding
DNA sample. This change of orientation of the phosphate
group of DNA indicates a modification of the B form upon
binding of polylysine or polyarginine. The structural transi-
tions B — A and B — C measured as a function of relative

Deoxyribonucleic acid exists in the nuclei of higher or-
ganisms in the form of complex structures associated with
proteins. The histones are basic proteins which are found in
nuclei tightly bound to DNA and which appear to stabilize
the condensed structure of eukaryotic DNA (Pardon and
Wilkins, 1972). Detailed knowledge of the structural prop-
erties of these complexes might provide a basis for the un-
derstanding of the mechanism of function of eukaryotic nu-
clei; in particular, one may be able to understand the regu-
lation of transcription (Paul, 1972; Sutton, 1972; Elgin et
al., 1971). It is evident that the complexity of these DNA~
protein complexes and their interactions with DNA have
rendered the development of our knowledge difficult. Inves-
tigation of complexes of DNA and synthetic nucleic acids
with basic homopolypeptides poly(L-lysine) and poly(L-ar-
ginine) provides a greater simplicity and has been used by
several groups of investigators employing different methods
(Raukas, 1965; Tsuboi et al., 1966; Leng and Felsenfeld,
1966; Olins et al., 1967, 1968; Cohen and Kidson, 1968;
Shapiro et al., 1969; Davidson and Fasman, 1969; Haynes
et al., 1970; Caroll, 1972; Chang et al., 1973; Zama and
Ishimura, 1973). Thermal denaturation studies showed that
the formation of the complex with basic homopolypeptides
leads to a substantial increase in the melting temperature
which was interpreted as reflecting a marked stabilization
of the double-helical structure of DNA (Olins et al., 1967,
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humidities were not affected by formation of complexes
with both basic polypeptides. Similar results were obtained
for complexes prepared by direct mixing or by salt gradient
dialysis. The presence of A and C forms was observed in
complexes of DNA with poly(L-lysine) and poly(L-argi-
nine) at lower relative humidity. Thus, the conformational
flexibility of DNA in complexes with polylysine and polyar-
ginine is not changed despite a substantial increase in the
T (melting temperature). These results are considered as
a model for the understanding of interactions between
DNA and histones and particularly of the binding of the
N-terminal fragment, lysine or arginine rich.

1968; Inoue and Ando, 1970). The optical activity of DNA
is drastically changed when it is complexed with these basic
homopolypeptides. Thus, circular dichroism spectra of
DNA covered by poly(L-lysine) are of inverted shape and
nonconservative character; that is, a broad negative band is
observed in the region of 280-240 nm, the intensity of
which is greatly enhanced with respect to that of DNA
(Haynes et al., 1970; Caroll, 1972).

Similar spectral changes were observed in DNA com-
plexed with the histone f1 (Fasman et al., 1970; Adler et al.,
1971). In contrast, complexes of arginine-rich histones f2al
and also f2b with DNA exhibit circular dichroic (CD) spec-
tra with increased amplitude of the 275-nm positive band
(Shih and Fasman, 1971, 1972; Adler et al., 1974). The for-
mer spectral changes were considered as indicative of B —
C transitions and the latter of B — A. Interpretations of
spectral changes are very difficult since measurements of
optical activity in these complexes may not only reflect the
contribution of secondary structure. In fact, electron mi-
croscopy provides evidence that DN A-polylysine complexes
and also f1-DNA and f2al1-DNA complexes form dough-
nut-shaped or globular particles with some internal period-
icity (Haynes et al., 1970; Slayter et al., 1972). It is thus
necessary to obtain structural information by another direct
method, such as infrared linear dichroism (Bradbury et al,,
1962). It was shown previously by Pilet and Brahms (1972,
1973) and Brahms et al. (1973) that precise structural pa-
rameters and structural transitions can be obtained from in-
frared linear dichroism studies of DNA. Unfortunately,
previous X-ray diffraction investigations on DNA-poly(L-
lysine) and DNA-poly(L-arginine) complexes cannot be
considered here since they were performed under conditions
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