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Characterization of Chromatin Modified with Ethyl Acetimidate®

Lois O. Tack and Robert T. Simpson*

ABSTRACT: Thymus chromatin was extensively modified with
ethyl acetimidate, substituting up to 90% of the lysyl residues
of the histones while retaining the positive charge of the basic
amino acid. Physicochemical and immunochemical charac-
terization of this derivative chromatin indicates a high degree
of retention of the native structure of the nucleoprotein even
after extensive modification. The alterations which are de-
tected are most simply interpreted as resulting from a weak-

Selective chemical modification of proteins has been one of
the most useful approaches for identification of functional
amino acid residues in enzyme active sites, delineation of
surface topography, and determination of residues involved
in subunit interactions. More recently, this experimental ap-
proach has been utilized for study of the topography of nucleic
acid-protein complexes, with its most notable success in terms
of chromatin structure thus far being the detection of histone
octamers in nucleosome core particles and the definition of
specific histone-histone interactions using cross-linking re-
agents (Hyde and Walker, 1975; Chalkley, 1975; Chalkley and
Hunter, 1975; Thomas and Kornberg, 1975a,b; Martinson and
McCarthy, 1975; Bonner and Pollard, 1975; Van Lente et al.,

* From the Developmental Biochemistry Section, Laboratory of Nu-
trition and Endocrinology, National Institute of Arthritis, Metabolism,
and Digestive Diseases, National Institutes of Health, Bethesda, Maryland
20014. Received February 14, 1977.
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ening of the interactions of histone H1 with DNA in the
modified chromatin. The near-native character of amidinated
chromatin contrasts with the more extensive structural alter-
ations observed in acetylated chromatin. Our data demonstrate
the suitability of this reagent for mapping available lysyl
residues in this and other nucleoproteins and suggest that the
related bisimido esters may be reagents of choice for cross-
linking of chromatin histones.

1975: Martinson et al., 1976). In both cross-linking studies and
in studies of the relative reactivities of lysyl residues of histones
when in the chromatin complex, the structural integrity of the
modified species is of primary importance. Alterations in
protein-protein or protein-nucleic acid interactions consequent
to chemical modification may alter the reactivity of portions
of the protein affected by the conformational changes. This
is of particular concern, since many of the cross-linking reac-
tions modify lysyl residues, which are expected to be a stabi-
lizing force in histone-DNA interactions. Many of the
chemical probes used in the past to study the structure of his-
tones alone or in chromatin have resulted in the size, polarity,
and,/or charge of the modified residue being drastically altered,
making it likely that extensive modification resulted in altered
interactions among the constituents of chromatin. In the one
case where structural characterization of a modified chromatin
was performed, acetylation of chromatin lysyl residues led to
definite changes in melting profile, consistent with destabili-
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zation of the complex (Simpson, 1971). Acetylation slightly
increases the size of lysine, but more importantly removes the
positive charge of the e-amino group. Far more striking effects
on chromatin structure are produced by other modifications.
Thus, when chromatin core particles are cross-linked with
dithiobis(succinimidyl)propionate, the melting profile of the
modified nucleoprotein shows no stabilization of DNA struc-
ture by the modified histones (A. Stein, unpublished obser-
vations). We show here that ethyl acetimidate can modify 90%
of the lysyl residues in chromatin while at the same time pro-
ducing only minor changes in structural properties of the nu-
cleoprotein.

Experimental Section

Preparation of Chromatin and Histones. Chromatin was
isolated from frozen calf or rabbit thymus (Pel-Freez Biolog-
icals) using Na,EDTA!-saline buffers (Zubay and Doty,
1959). The protein to DNA mass ratio of these preparations
was 1.35-1.65:1. Chromatin was also prepared from Triton
X-100 washed nuclei from rabbit thymus or liver as previously
described (Simpson and Sober, 1970). DNA concentrations
were estimated using 460%!% = 20 and protein concentration
was determined by the Lowry assay (Layne, 1957). Moles of
lysine and arginine per 4,40 unit were calculated from amino
acid analyses. H!-depleted chromatin was prepared by the
method of Qudet et al. (1975) using 0.7 M NaCl extraction
and centrifugation through a glycerol step gradient. All buffers
used for this procedure contained 5 mM NaHSQj to inhibit
proteolysis.

Total histones were isolated from calf thymus chromatin by
extraction with 0.4 N H,SOy at 4 °C, dialysis against water,
and lyophilization. The lysine-rich histone, H1, was isolated
at >95% purity (as measured by gel electrophoresis) by 5%
trichloroacetic acid extraction of chromatin (Denooij and
Westenbrink, 1962).

Chemical Modification of Chromatin and Histones. After
dialysis against 0.25 mM EDTA, pH 7.0, for 48 h, chromatin
was suspended at | mg of DNA/mL in 0.05 M sodium borate
(pH 8-9) with stirring on ice. Ethyl acetimidate hydrochloride
(Eastman) was partially neutralized with 1 N KOH and then
quickly added to the solution with vigorous stirring (Wofsy and
Singer, 1963). The final concentrations of reagent used were
varying molar excesses of reagent to total lysine content. The
reaction was allowed to proceed for 2 h and then dialyzed
against 0.25 mM Na,EDTA at 4 °C with several changes. The
extent of amidination was determined by the TNBS assay and
amino acid analysis. Amidination of histones was performed
identically to that of chromatin, except for slight differences
as noted in Figure 1.

Acetylation of chromatin was performed by addition of a
fourfold excess of acetic anhydride (Ac,O to DNA base pairs)
to chromatin at a DNA concentration of 1 mg/mL in 0.05 M
borate, pH 9.0, with vigorous stirring for 30 min at 4 °C. The
reaction mixture was dialyzed against 0.25 mM Na,EDTA
and assayed for extent of modification using the TNBS pro-
cedure. Modification of 75-80% of the total chromatin lysines
was consistently found at this molar excess.

Analytical Methods. Prior to gel electrophoresis, samples
were solubilized in 2% NaDodSOy and dialyzed overnight into
sample buffer. Discontinuous NaDodSQy slab gel electro-
phoresis (LeStourgeon and Rusch, 1973) was performed using

I Abbreviations used are: Na,EDTA, ethylenediaminetetraacetic acid,
disodium salt; TNBS, 2,4,6-trinitrobenzenesulfonic acid; NaDodSOy,
sodium dodecyl sulfate; Tris-Cl, 2-amino-2-hydroxymethyl-1,3-pro-
panediol chloride; BSA, bovine serum albumin.
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a 15% polyacrylamide running gel (acrylamide-bisacrylamide
ratio 45:0.4) with a stacking gel of 3% acrylamide-0.08%
bisacrylamide. Gels were stained in 0.25% Coomassie blue
(Sigma) in 50% methanol-7% acetic acid for 1 h and destained
in 20% methanol-7% acetic acid. Samples were analyzed
throughout the isolation and modification procedures to
monitor the integrity of the chromatin preparations.

To study the extraction of modified histones by various NaCl
solutions, amidinated chromatin (30, 80, and 95% amidinated)
was extracted with 0.15 and 0.35 M NaCl. The suspensions
were spun at 15 000 rpm for 15 min and the supernatants (after
dialysis and concentration) and pellets were analyzed by Na-
DodSO, gel electrophoresis. Unmodified chromatin was
treated in the same manner for comparison.

The TNBS assay for unmodified lysyl residues was per-
formed using TNBS from Pierce Chemical Co. following the
method of Habeeb (1966), using a molar extinction coefficient
of 1.1 X 104 M~! cm~! at 345 nm. Unmodified chromatin or
histone was included as a control in all assays and the results
for all amidinated samples are expressed relative to the control.
These values were compared to those calculated using a the-
oretical molar lysine value from sequence data and were found
to be within 90 to 95% agreement. Amino acid analyses were
also used to measure lysine and amidinated lysine content and
compared to TNBS values. The assay is linear to 1 mg of total
sample with A345 = 1.6,

To determine the amount of e-amidinated lysine, quanti-
tative amino acid analysis was performed using an o-phthal-
aldehyde fluorescent detection system on a modified JEOL
SAH analyzer. Hydrolyses were performed under nitrogen in
6 N HCI, 0.1% phenol, 0.1% @-mercaptoethanol at 110 °C.
Amidinated lysine is relatively stable to acid hydrolysis with
a first-order hydrolysis rate (similar to tyrosine, threonine,
serine, and cysteine destruction) resulting in the generation
of free lysine (Reynolds, 1968; Plapp and Kim, 1974). Samples
were hydrolyzed for different times (usually 20 and 70 h) and
the amount of amidinated lysine at zero time was determined
by extrapolation. The color value for arginine was used to
quantitate the amount of ¢-acetimidyllysine (Plapp and Kim,
1974). A Durrum single-column resin system was used with
standard buffers, resulting in e-modified lysine eluting between
ammonia and arginine. The sum of lysine and e-acetimidyl-
lysine in the different hydrolysates equaled the number of
lysines in unmodified chromatin, also quantitated by amino
acid analyses.

Physical Methods. Thermal melting curves were made on
samples in 0.25 mM Na;EDTA with 4,40 = 0.25 using an
Acta 111 spectrophotometer over a temperature range of 35-95
°C at anincrement of +0.33 °C/min. A solvent baseline was
subtracted. Circular dichroism was measured on a Cary 61
polarimeter using samples with 4.9 = 0.9 in 0.25 mM
Na,EDTA in a 1-cm cell. Samples were spun at 10 000 rpm
to remove any aggregated material (<3%).

Viscosity measurements were made using both a modified
three-bulb low-shear Ostwald capillary viscometer (Union
Carbide Corp., Nuclear Division) and a Cannon-Ubbelholde
four-bulb shear-dilution viscometer {(Cannon Instrument Co.)
as described by Eigner (1968) with shear gradients of 26, 68,
and 120 s~! for the first and a range of 40-300 s~! for the
second. Since the Cannon viscometer was independent of
sample volume and gave slightly more reproducible values with
greater precision than the Ostwald type, all data given are from
its use, although both viscometers gave results with 10%.
Measurements were made on four separate sheared-chromatin
preparations at 20.0 °C in 0.25 mM Na;EDTA. Each prepa-
ration was amidinated to the extent of 50 and 90% with un-
3747
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FIGURE |: Measurement of the reactivity of histone lysyl residues with
increasing molar excesses of ethyl acetimidate. Calf thymus histones ()
at I mg/mL protein and thymus chromatin (@) at I mg/mL DNA in 0.05
M borate. pH 9.0, were reacted with the imido ester at 4 °C. Unreacted
lysyl residues were measured using the TNBS assay.

modified chromatin as a control. The concentration range was
from 0.01 to 0.1 mg of DNA/mL and all calculations are in
terms of DNA mass only.

Nuclease Digestion. Micrococcal nuclease (Worthington)
digestion of amidinated chromatin was carried out using 200
units of nuclease/mL in | mM Tris-Cl, pH 8, 2 mM CaCl, at
37°Cata DNA concentration of 10 4,60/mL (Whitlock and
Simpson, 1976). Acetylated chromatin and unmodified
chromatin were used as controls. The increase in 0.6 N per-
chloric acid soluble 4,49 units with time was measured. DNase
I (Worthington) digests of amidinated and control chromatin
were carried out in S mM Tris-Cl, pH 8, 10 mM MgCl, at 37
°C with 200 units/mL. Aliquots of 100 ug of DNA were re-
moved at 1, 2, 4, 8, and 16 min and made to 1% NaDodSOy,
10 mM Na,;EDTA, 0.1 M Tris-Cl, pH 8. Following extraction
at room temperature with an equal volume of buffer-saturated
phenol for 30 min, the aqueous phase was adjusted with NaCl
to 0.1 M and precipitated by adding 2 volumes of ethanol and
storing at —20 °C overnight. The DNA was spun down and
dissolved in electrophoresis buffer. The DNA was analyzed
on a 6% slab gel containing 6 M urea according to the method
of Peacock and Dingman (1967). After staining overnight in
0.005% stains-all (Eastman) in 50% (v/v) formamide, the gels
were destained in running water and photographed.

Immunospecificity of Amidinated Chromatin. The anti-
genicity of amidinated and control HI was compared using
quantitative microcomplement fixation (Wasserman and
Levine, 1961; Stollar and Ward, 1970). H1 was obtained from
calf thymus chromatin as described earlier. H1 was amidinated
using a 200-fold excess of ethyl acetimidate in 0.05 M sodium
borate, pH 9, stirring for 2 h at 4 °C. The reaction mixture was
dialyzed against water and lyophilized. Anti-H1 was a gift of
Dr. M. Bustin.

Specificity of binding of anti-H1 sera to amidinated chro-
matin was tested by using the modified chromatin as an im-
munoadsorbant (Bustin, 1973; Goldblatt and Bustin, 1975).
After incubating the control or modified chromatin with
anti-H1 sera, the chromatin-bound antibody was precipitated
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with 0.14 M NaCl. The remaining unadsorbed antibody was
tested against unmodified H1, the homologous antigen. Spe-
cifically, the immunoadsorption assay was performed in the
following manner: to 50 ug of chromatin in 50 uL of 0.25 mM
Na,EDTA is added antisera at a 240-fold higher concentration
than that of the final assay mixture. Sufficient 1 mM Tris-Cl,
pH 8, is added to make a final volume of 0.25 mL. The reaction
mixture is incubated at 37 °C for 30 min and at 4 °C with
gentle shaking for 4 h. Concentrated NaCl (5 M) is added to
make the final concentration 0.14 M and the precipitate is spun
down. The supernatant is diluted 200-fold with iso-BSA (0.01
M Tris-Cl, pH 7.45,0.14 M NaCl, 0.5 mM MgS0O,, 0.15 mM
CaCly, and 1 mg/mL bovine serum albumin) containing the
appropriate amount of complement. The microcomplement
fixation assay is performed after adding 1 mL of diluted su-
pernatant to 0.2 mL of antigen.

Results

Amidination of Histones and Chromatin. Calf and rabbit
thymus were chosen as sources for chromatin because of their
low content of nonhistone chromosomal proteins, ensuring that
the structural effects of the modification are due primarily to
histone modification. In limited studies with chromatin from
rabbit liver, results similar to those detailed here for thymus
chromatin were obtained. Chromatin preparations were' made
by the Zubay and Doty (1959) procedure, where all isolation
steps are carried out in buffers of ionic strength 0.15, since
shearing precipitated chromatin preparations at this ionic
strength does not lead to redistribution of nucleosome cores
(Woodhead and Johns, 1976), in contrast to shear-induced
damage at low ionic strength (Noll et al., 1975).

Isolated histones and chromatin in solution were reacted
with various molar excesses (1- to 300-fold) of the imido ester,
ethyl acetimidate (Figure 1). The modification of isolated
histones has an essentially monophasic character, with over
80% of the total lysyl residues modified at low excesses
(<20-fold) of reagent, and a remaining 10% of residues mod-
ified only at much higher excesses. A small fraction (<10%)
of the lysyl residues of histones are not reactive with ethyl
acetimidate in aqueous solutions even at high excesses. Un-
sheared chromatin was used for the amidination shown in
Figure 1; the chromatin was gently suspended in water and
dialyzed into 0.05 M sodium borate, pH 9.0, for modification.
Qualitatively, the amidination of chromatin resembles that of
isolated histones, but with more of a biphasic curve of degree
of modification vs. reagent excess. Also, the reactivity of lysyl
residues of histones in chromatin is quantitatively different,
the curve being shifted to higher molar excesses. Approxi-
mately 70% of histone lysyl residues were modified at a 30- to
40-fold molar excess of ethyl acetimidate, while maximal
amidination (90-95% of total lysine) was achieved at 100- to
300-fold molar excess.

The difference in reactivity between chromatin and histones
might be due to the viscosity of the unsheared chromatin so-
lution, slowing the reaction by decreasing diffusion of the
reactants. Sheared chromatin (Waring blender, 60 V, 60 s,
DNA concentration of 1 mg/mL in 1 mM Tris-Cl, pH 8.0, 4
°C) was amidinated and gave an identical curve of degree of
modification as a function of reagent excess to that shown for
unsheared chromatin in Figure 1. This suggests that viscosity
effects on the modification are not being detected; rather, the
differences in reactivity for free histones and chromatin his-
tones are related to histone-histone or histone-DNA inter-
actions in the complex.

The quantitation of chromatin modification (Figure 1) was
substantiated by TNBS assay on histones extracted by 0.4 N
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FIGURE 2: Histones of unmodified (left track) and 90% amidinated (right
track) chromatins. NaDodSO, gel electrophoresis was carried out as de-
scribed in the Experimental Section. From the bottom, histones are H4,
H2A, H2B, H3, and HI.

H>S04 from amidinated chromatin. Amino acid analysis of
samples hydrolyzed for different times and extrapolated to zero
time of hydrolysis provided for direct quantitation of e-ami-
dinated lysine content in modified chromatin. The degree of
modification determined by amino acid analysis agreed well
with that determined by colorimetric assay. The time course
of loss of e-acetimidyllysine on acid hydrolysis was determined
on three separate chromatin samples amidinated at 300-fold
excess. The loss is first order with a half-life of about 80 h and
allows extrapolation to zero time of hydrolysis for quantitation
of the degree of modification.

Amidinated chromatin histones generally have the same
relative mobility on sodium dodecyl sulfate gel electrophoresis
as unmodified histones (Figure 2). Only the lysine-rich histone
H1 is altered—a doublet being seen for the amidinated species
where there was a single major band for the parent species. in
some preparations low levels of putative cross-linked products
(less than 5% of total protein) are seen, corresponding to pos-
sible dimers, trimers, and tetramers of one or more histone
species. A side reaction observed by Browne and Kent (1975a)
during amidination reactions at pHs of 9 or less is probably
responsible for these higher-order products.

BIOCHEMISTRY, VOL. 16, NO. 17,
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FIGURE 3: Thermal denaturation of unmodified chromatin (—) and 90%
amidinated chromatin (- - -). Measurements were made in 0.25 mM
Na;EDTA at about 15 ug/mL of DNA.

Physiochemical Properties of Amidinated Chromatin.
Figure 3 shows the thermal melting curve for control and
amidinated chromatin samples. Compared to control samples,
chromatin amidinated up to 80% of total lysines modified (not
shown) had an identical melting profile at lower temperatures
but showed an increase in melting temperature of about | °C
on the average at greater than 80 °C. Samples amidinated to
90-95% modification had a slight destabilization of about 1-2
°C for the early phase of the thermal transition and the same
stabilization seen in less extensively amidinated samples at
higher temperatures; the differences were slight but repro-
ducible. Comparison of these data with the thermal melting
profile of acetylated chromatin (Simpson, 1971), where the
overall melting curve was destabilized approximately 4-5 °C,
demonstrates that extensive amidination of chromatin leads
to minimal alterations in the stabilization of DNA structure
by histones.

Figure 4 shows circular dichroism spectra which again
demonstrate only minor differences between control chro-
matin, 50% amidinated chromatin, and 90% amidinated
chromatin. The circular dichroism spectra of all the chromatin
samples were similar to those previously reported (Shih and
Fasman, 1970; Simpson and Sober, 1970} with a split positive
maximum in the 260-300 nm region, molar ellipticity, [8]27s,
of +4500°, and [0],,, of —37 000°, based on DN A nucleotide
residue concentration. It is known that the lysine-rich histone,
H1, may be removed without affecting the circular dichroism
spectrum of chromatin above 260 nm (Simpson and Sober,
1970; Hjelm and Huang, 1974) so it is possible that HI-DNA
interactions might be altered without being detectable by this
technique. No evidence is seen for the generation of free DNA
stretches.

The viscometric properties of control and various amidinated
chromatins were compared to evaluate possible shape changes
in the nucleoprotein complex following chemical modification.
The viscosity of chromatin is shear dependent and thus all
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FIGURE 4: Circular dichroism spectra of control chromatin (- - +), 50%
amidinated chromatin (--), and 90% amidinated chromatin (- - -).

specific viscosities were extrapolated to zero shear. Free DNA
has a much higher dependence of viscosity on shear rate than
chromatin and amidinated chromatin was found to have a
sensitivity to shear rate similar to that of unmodified chromatin
(Figure 5).

We determined the dependence of relative viscosity on
concentration for unmodified and amidinated chromatins; the
intrinsic viscosity,[n], of unmodified chromatin is 19 dL/g, in
good agreement with Hensen and Walker (1970) and slightly
higher than that of Simpson (1972) of 13 dL/g for sheared
chromatin. The intrinsic viscosity for 50% amidinated chro-
matin was found to be 25 dL /g (not shown) and that for 90%
amidinated chromatin was 31 dL/g. Since extrapolation to
zero shear gave specific viscosity values calculated in the region
most sensitive to shear, comparisons were also made at dif-
ferent shear values; the same relative differences were always
found. The viscosity of amidinated chromatin shows the same
concentration dependence as that of control chromatin.

Thus, amidination of chromatin alters the shape of the nu-
cleoprotein, evidenced by an increase in specific viscosity from
19 dL /g for control samples to 31 dL /g at maximum modifi-
cation. This difference is comparable to that found on removing
H1 from chromatin (Hensen and Walker, 1970) or after mild
tryptic digestion of chromatin (Simpson, 1972). Electropho-
resis of the proteins of amidinated chromatin (Figure 2)
demonstrates that H1 is still present; the possibility remains
that altered binding of this lysine-rich histone to DNA may
be the cause of the increased specific viscosity of amidinated
compared to unmodified chromatin.

Protein-Nucleic Acid Interactions in Amidinated Chro-
matin. The stability of HI binding to DNA in amidinated
chromatin was assessed by salt extraction. NaCl concentrations
of 0.35 M remove no histone from control chromatin. In con-
trast, such salt concentrations remove significant portions of
3750
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FIGURE 5: Shear gradient dependence of the viscosity of DNA, control
chromatin, and modified chromatin in 0.25 mM Na;EDTA. (a) Calf
thymus DNA, 8 ug/mL: (O) 90% amidinated chromatin, 19 ug/mL;: (&)
50% amidinated chromatin, 14 ug/mL: (@) control chromatin, 18 ug/
mL.

H1 from amidinated chromatin. As the extent of amidination
increases, decreasing amounts of the slower moving H1 com-
ponent are retained on chromatin after salt extraction.
Somewhat less than 50% of the H1 is removed from extensively
amidinated chromatin by 0.35 M NaCl, indicating a major
reduction in the binding strength of this histone, when modi-
fied, to chromatin DNA. No differences in solubilization of
chromatin components for amidinated and unmodified chro-
matin were seen when the extraction was performed with 0.15
M NaCl.

Nuclease digestions of chromatin have become one of the
more sensitive means of assessment of the nativeness of pro-
tein-nucleic acid interactions both within the nucleosome or
chromatin subunit (Weintraub et al., 1975; Camerini-Otero
et al., 1976) and for interactions of Hl with chromosomal
DNA (Varshavsky et al., 1976; Whitlock and Simpson, 1976).
DNase I preferentially cleaves within the chromatin core
particle, leading to DNA fragments which, when examined
as single-strand DNA, are multiples of ten nucleotides in length
(Noll, 1974). Partial DNase I digests were performed on un-
modified, 50 and 90% amidinated chromatins and DNA
samples were analyzed by polyacrylamide gel electrophoresis
under denaturing conditions. Typical patterns of ten-nucleotide
multiples from 30-200 bases were seen for all samples. No
differences were seen in the pattern of DNA fragments gen-
erated between control and amidinated chromations (data not
shown). Such data strongly suggest integrity of the interactions
of the four smaller histones with themselves and with DNA
within the core particle of chromatin. Alternations in inter-
action of H1 with DNA would not be detected by DNase |
digestion, since this histone probably binds to the bridge or
spacer DNA between particles (Shaw et al., 1976: Varshavsky
et al., 1976; Whitlock and Simpson, 1976).

Removal of histone H1 and some nonhistone chromosomal
proteins from HeLa cell chromatin by salt extraction leads to
a marked increase in the initial rate of digestion by micrococcal
nuclease without alternation in the proportion of the DNA acid
soluble in a limit digest with micrococcal nuclease (Whitlock
and Simpson, 1976). Figure 6 shows the kinetics of micrococcal
nuclease digestion of unmodified chromatin, amidinated
chromatin, and acetylated chromatin modified to the same
degree of lysyl substitution as the amidinated sample. Ami-
dinated chromatin was digested with an initial rate 1.3 times
faster than unmodified samples and attained a plateau at 50%
acid-soluble nucleotides after 30 min of digestion. Essentially
no difference was observed between chromatins amidinated
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FIGURE 6: Kinetics of digestion of native and modified chromatins.
Chromatin at 10 49 units/mL in | mM Tris-Cl, pH 8, 2 mM CaCl; was
digested with micrococcal nuclease (200 units/mL) at 37 °C for the times
indicated. The increase in A 360 soluble in 0.6 M perchloric acid-1% Na-
DodSO4 was measured. (A) Acetylated chromatin; (@) amidinated
chromatin; (Q) control chromatin.
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FIGURE 7: Complement fixation of antisera to calf thymus H1 with
norma! and modified calf thymus H1 at various sera dilutions. (@) 90%
amidinated H1; (©) native HI.

to 50 and 90% of total lysines substituted. Acetylated chro-
matin was digested with an initial rate that is four to six times
faster than the control, although it too attained a limit digest
level of about 50% acid solubility. The rate changes attending
acetylation of chromatin are similar to those observed for
chromatin from which H1 has been completely removed.
Amidinated chromatin clearly responds to this probe in a
fashion more similar to native chromatin than acetylated; the
slight increase in initial rate of digestion of amidinated chro-
matin may be due to a loosening of H1 binding to spacer DNA
allowing an increased rate of digestion of chromatin into
subunit particles.

Immunochemical Studies of Amidinated HI and Chro-
matin. Specific antibodies are sensitive to slight changes in the
structure of their corresponding antigens. Thus, maleylation
of only two or three lysines per H1 molecule significantly de-
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FIGURE 8: Maximal complement fixation of antisera to calf thymus H1
with normal and modified calf thymus H1 at various sera dilutions. Data
were obtained from Figure 7. (®) 90% amidinated Hi; (©) normal
HI1.

creases complement fixation with anti-H1 (Burnette et al.,
1973). More extensive maleylation (>10 lysines/H!1 molecule)
resulted in complete loss of complement fixation ability.

These data seem to indicate marked conformational lability
for H1 after modification with reagents that affect the charge
integrity of lysine. It was thus of interest to determine immu-
nochemically the effect of amidination on H1 structure. Ac-
cordingly, the immunologic reactivities of amidinated and
control H1 were compared. Both H1 antigens were Cl;AcOH
extracted and treated in the same manner. As shown in Figure
7, the complement fixation assay over a wide range of sera
dilutions indicate that the solution conformation of amidinated
H1 is essentially intact. The immunological relatedness of
modified H1 and control H1 (Figure 8) is more similar than
the two most closely related subfractions of H1 (Bustin and
Stollar, 1972); the index of dissimilarity (given as the ratio of
sera dilution resulting in 50% complement fixation for the two
samples) for H1-1V to H1-V is 1.5; that for amidinated H!1
to H1 is 1.35.

The results of immunoadsorption of amidinated chromatin
with anti-H1 sera are shown in Figure 9. Using a serum dilu-
tion of 1:10, 200 with 50 ug of amidinated chromatin, ap-
proximately 40% or more of the antibody bound by 50 ug of
unmodified chromatin was bound by amidinated chromatin.
H-depleted chromatin and 75% acetylated chromatin showed
no binding of anti-H1 at this serum dilution. Thus, it appears
H1 of highly amidinated chromatin still retains a significant
amount of reactivity toward anti-H1. This supports other ex-
perimental results, demonstrating that highly amidinated
chromatin retains its structural integrity with only slight
perturbations due to components (i.e., H1) most susceptible
to lysine-specific reagents.

Discussion

Imido esters have been used extensively for structural studies
of a variety of proteins (see review by Hunter and Ludwig,
3751

NO. 17, 1977



1:6720
100t
90
80

g 7o

3 o

o5

Q

R 4
30
20
101

ug ANTIGEN

FIGURE 9: Effect of modification of chromatin on its ability to bind
anti-H1 sera. (a) Control reaction between H1 and anti-H1 sera not
adsorbed on chromatin; (@) reaction between H1 and anti-H1 sera ad-
sorbed on 50 ug of 90% amidinated chromatin; (O) reaction between H1
and anti-H1 sera adsorbed on 50 ug of unmodified chromatin. Adsorbing
anti-H1 sera on 50 ug of 75% acetylated chromatin or Hl-depleted
chromatin gave the same curve as the control {A).

1972). A particularly elegant use of these compounds was the
labeling of the amino terminus of protamine with a mer-
capto-containing imido ester which could then be complexed
with mercury for subsequent electron microscopic localization
(Ottensmeyer et al., 1975). Bifunctional imido esters (Wold,
1967) have been used with great success for cross-linking re-
active amino groups in investigation of the subunit structures
of proteins (Davies and Stark, 1970). In the study of the or-
ganization of nucleoproteins, cross-linked imidinates have been
useful in probing ribosomal protein structures (Slobin, 1972;
Bickle et al., 1972; Clegg and Hayes, 1974), especially using
cleavable cross-linking reagents (Sun et al., 1974; Peretz et al.,
1976). In previous studies with chromatin, cross-linking with
bisimido esters has aided in delineation of histone-histone
interactions in solution (Kornberg and Thomas, 1974; Wein-
traub et al., 1975) and in chromatin (Thomas and Kornberg,
[975a,b), leading to proposal of a histone octamer as the pro-
tein core of the chromatin subunit particle.

Amidination is a gentle and specific modification, leading
to retention of the charge of the modified lysyl residue. By
variation in the substituents of the imido ester various features
may be built into the modifying agent; in the current case
acetamidination of lysyl residues leads to products whose size
and chemistry closely resemble those of arginyl residues.
Physiochemical and functional studies of a variety of proteins
modified to varying degrees of lysyl substitution with imido
esters have, in general, indicated a high degree of retention of
native structure.

It is of major importance to know whether amidination of
such a complex structure as chromatin would result in the same
conservation of structure as found for simpler systems. Con-
servation of structure is important in cross-linking studies;
cross-linking of amino groups is a two-step reaction and if
conformational changes occur following the primary modifi-
cation, the artifacts generated would greatly affect proximity
assignments. In addition, the relative reactivities of histone
lysyl residues in chromatin have been assessed with ethyl
acetimidate, quantitating the amidinated lysines with respect
to sequence location and extent of reactivity, in hopes of as-
signing accessibility values to different regions of histone
molecules (L. O. Tack and R. T. Simpson, manuscript in
preparation). [t is important to demonstrate that modification
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with the chemical probe in both of these cases does not lead to
structural changes in chromatin which could affect reactivi-
ties.

Overall, the results of this study seem to indicate that amj-
dination leads to retention of the integrity of histone-DNA
interactions for the four smaller histones with some alteration
in interactions of HI with chromatin DNA. Thus, circular
dichroism spectra of native and amidinated chromatins are
nearly identical, thermal denaturation profiles are very nearly
s0, limit levels of digestibility of DNA by micrococcal nuclease
are the same, and DNase | cleaved single-stranded DNA
fragments are the same for control and experimental samples.
Taken together, these data provide rather strong evidence for
the integrity of nucleosome core particle structure in amidi-
nated chromatin. On the other hand, several lines of evidence
suggest that HI-DNA interactions have been altered in am-
idinated chromatin. Amidinated H1 is extracted by NaCl
concentrations which are without effect on control chromatin
H1 content. Rates of micrococcal nuclease digestion of ami-
dinated chromatin are higher than for the control samples, as
is seen on dissociation of H1 from chromatin by salt and sub-
sequent digestion (Whitlock and Simpson, 1976). Increased
viscosity of amidinated chromatin is also consistent with re-
laxation of the interaction of H1 with DNA, since HI is
thought to function in the condensation of chromatin. Finally,
although the solution conformation of amidinated and native
H1 are closely related, as measured immunochemically, the
antigenicity of amidinated H1 bound to DNA in the nucleo-
protein complex differs more markedly from that of the native
material, consistent with an alteration in the spatial relation-
ships between H1 and DN A due to the chemical modification.
Because of its high lysine content (about 27% of the molecule)
and low content of other basic amino acids, it is not surprising
that extensive amidination has its greatest effect on H1-DNA
interactions. The apparent change in structure of HI-DNA
in chromatin after amidination suggests care in interpretation
of cross-linking experiments with bifunctional imido esters
involving H1.

In conclusion, amidination appears to be a valuable ap-
proach in the study of chromatin structure. Large molar ex-
cesses may be used to extensively modify chromatin compo-
nents with barely detectable changes in the structure of the core
particle of the chromosome. It is conceivable that chromatin
could be fractionated into its individual components, one or
more of these modified with an appropriate imido ester con-
jugated probe. and then reconstituted to form a modified
DNA-protein complex for further structural and functional
studies.
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