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Physical Studies of the Nonhistone Chromosomal 
Proteins HMG-1 and HMG-2t 

C. Baker,t I. Isenberg,* G.  H.  Goodwin, and E. W. Johns 

ABSTRACT: The nonhistone chromosomal proteins, 
HMG-1 and HMG-2, have a folded conformation, with a 
high a-helical content, over a wide pH range. At high and 
low pH values, the molecules unfold. Both molecules con- 
tain cysteine and tryptophan. The tryptophans appear to be 

E a r l y  work on nonhistones was hampered by their insolu- 
bility. However, it was found (Goodwin et al., 1973) that 
differential C13CCOOH precipitation could separate the 
nonhistones extracted from chromatin with 0.35 M NaCl 
into low and high molecular weight fractions. The low mo- 
lecular weight fraction is freely soluble. Chromatography of 
this fraction, named the high mobility group, or HMG'  
proteins, on a carboxymethyl-cellulose column at pH 9.0 
(Goodwin and Johns, 1973) yields two pure fractions called 
HMG-1 and HMG-2. These are the same proteins found as 
contaminants in F1 isolated by perchloric acid extraction 
(Johns 1964a, 1964b). 

HMG-1 and HMG-2 are present in about lo5 to lo6 cop- 
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I Abbreviation used: HMG, high mobility group. 

buried in the folded form. HMG-1 shows aggregation at pH 
5.7, as does HMG-2 at pH 9.0. The folded form is insensi- 
tive to high concentrations of salt, suggesting that charge- 
charge interaction plays no role in stabilizing the tertiary 
structure. 

ies per nucleus (Johns et al., 1975; Walker et al., submitted) 
making it unlikely that they are specific gene activators. 
HMG-1 has been shown to complex with F1 and bind non- 
specifically to DNA (Shooter et al., 1974; Goodwin et al., 
1975). HMG-1 stimulates chromatin template activity 
(Johns et al., 1975). 

HMG-1 and HMG-2 contain approximately 25% basic 
and 30% acidic residues which appear to be asymmetrically 
distributed. Preliminary results on the sequencing of the 
N-terminal residues indicate that HMG-1 and HMG-2 are 
similar, but contain some amino acid substitutions (Johns et 
al., 1975) 

In this work we present a number of fundamental proper- 
ties of HMG-1 and HMG-2. We report that they each con- 
tain cysteine and tryptophan. We give molar extinction 
coefficients for each protein. We describe a number of 
physical properties of HMG-1 and HMG-2, and present 
new data on the electrophoretic mobility of these proteins, 
and describe the results of CD fluorescence anisotropy, and 
turbidity measurements. We show that HMG-1 is an acidic 
and HMG-2 a basic protein. Among other things, we show 
that these proteins can exist in a highly folded conformation 
which has a high a-helical content. The conformation is 
very insensitive to high salt concentration. We show that 
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FICLRE 1 :  Densitometer tracings using the 10% urea gels of Orrick et 
al. (1973). Samples were dissolved in I O  M urea and reduced with a- 
mercaptoethanol. 

Table I :  Molar Extinction Coefficient." 

By Nitrogen Determination By Amino Acid Analysis 

HMG-I 21.9 4 1.66 (5)c  20.9 f 1.6 (5)  
HMG-2  20.5 f 1.3 ( 3 )  20.0 f 2.0 ( 3 )  

At 280 nm, i n  units of I O 3  I .  mol-' cm-I. Standard deviation 
humber  of Analjses. 

the folded conformation exists over a wide pH range but 
over part of the range the proteins aggregate. We  therefore 
have defined the conditions that should be used in future 
physical studies. 

Experimental Section 
Calf-thymus HMG-1 and HMG-2 were prepared as pre- 

viously described (fractions A and C,  respectively, of Good- 
win and Johns, 1973). HMG-1 and HMG-2 were electro- 
phoresed on 10% urea gels for 5 h (Orrick et al., 1973). 
Samples were 0.5 mg/ml in 10 M urea. 

To obtain the molar extinction coefficients of HMG-1 
and HMG-2, proteins were dissolved in 0.01 N HCI a t  a 
concentration of about 1 mg/ml. Protein concentrations 
were determined by two methods: (1) nitrogen analysis 
using the method of Jaenicke (1974) [Assuming that 14% 
of the acidic amino acids are amidated (Walker et al.,  sub- 
mitted), the protein concentrations were then calculated 
using data from amino acid analyses.] (2) Amino acid anal- 
ysis. To 1 ml of the protein solution, about 0.25 pmol of 
norleucine was added as an internal standard. Hydrolysis 
was carried out for 24 h in 6 N HC1 a t  110 OC. After evapo- 
rating to dryness and redissolving in 0.01 N HCI, an aliquot 
h a s  analyzed using a JEOL JLC-6AH amino acid analyz- 
er. The original protein concentration was determined by 
the summation of the individual amino acids. The molar ex- 
tinction coefficients, obtained by these methods, are given 
in Table I .  The molecular weight of HMG-1 was taken to 
be 26 500 (Shooter et al., 1974) and that for HMG-2 to be 
26 000 (Goodwin et al., 1975). In this paper the values 
20 900 and 20 000 1. mol-' cm-' will be used for HMG-1 

!I 240 250 260 270 280 290 300 3 0 

x i m  

FlGLRE 2. Uv absorbance spectra of equimolar concentrations, 1.44 X 
M, of HMG-1 and HMG-2 in 0 0 1  N HCI and M di- 

thiothreitol. 

and HMG-2, respectively. 
The tryptophan content was estimated from the experi- 

mental extinction coefficients and the tyrosine content de- 
termined by amino acid analysis. The molar extinction coef- 
ficients for tyrosine and tryptophan were taken from Edel- 
hoch (1967). The presence of tryptophan was confirmed by 
fluorometry. 

Protein stock solutions were prepared as follows: 5-8 mg 
of protein and an equal weight of dithiothreitol (Sigma) 
were dissolved in 0.2-0.3 ml of glass distilled water, and 
0.4-0.5 ml of 0.1 M Tris, 9 M urea (pH 9.0), was added. 
The sample vial was flushed with argon and incubated at  40 
O C  for 1 h. The solution was then desalted on a G-25 Fine 
Sephadex column (1.2 X 26 cm) equilibrated with 0.01 M 
HC1 and 1 mM dithiothreitol. Fractions were pooled to 
make a stock solution of known concentration, which was 
kept refrigerated until used. Electrophoresis of stock solu- 
tions showed that the protein was free of inter- and intra- 
molecular disulfide bonds. Stock solutions were diluted into 
either glass-distilled water or dilute NaOH for pH titra- 
tions or into the appropriate buffers for NaCl titrations. In 
the latter case the sample was then titrated to the desired 
pH with NaOH or HCI before titrating with NaC1. 

Fluorescence anisotropy r = (Ill - ZL)/(ZII + 2Z1) was 
measured on a computer-controlled polarization spectrome- 
ter (Ayers et al., 1974). All measurements were a t  20 "C. 
Samples were excited at  295 nm and emission was mea- 
sured at  340 nm. At these wavelengths only tryptophan is 
excited, eliminating the complication of depolarization by 
tyrosine to tryptophan energy transfer. 

Light scattering was measured turbidometrically on a 
Cary 14 spectrophotometer as A360 values. 

Circular dichroism (CD) was measured on a Jasco Model 
J-10 C D  recorder at  20 "C. Data are reported as A6 in units 
of 1. cm-' mol-' of residue. The amino acid analyses were 
used to estimate the number of residues per 26 500 daltons 
for HMG-1 and the number per 26 000 daltons for HMG- 
2. We obtained 230 and 232 residues per molecule of 
HMG-1 and HMG-2, respectively. CD spectra were ana- 
lyzed for the amount of a-helix, @sheet, and random coil by 
a new method (Baker and Isenberg, 1976). 

Results 
Electrophoresis. Electrophoresis of HMG- 1 and HMG-2 

on 10% urea gels gives two closely spaced bands for each 
protein (Figure 1). Reduction with 0-mercaptoethanol be- 
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fore electrophoresis gives only the slower moving band for 
both proteins. Co-electrophoresis of reduced HMG- 1 and 
HMG-2 gives two bands. Amino acid analysis gives 2 cys- 
teines per protein molecule for both HMG-1 and HMG-2. 
Apparently in the oxidized form, an internal disulfide 
bridge prevents the molecule from totally relaxing when de- 
natured by urea, thus giving a lower frictional coefficient 
for the oxidized form. 

Tyrosine and Tryptophan Content. Figure 2 shows the uv 
absorbance spectra of equal concentrations of HMG-1 and 
HMG-2 in 0.01 M HC1. Using molar extinction coefficients 
at 280 nm of 20 900 1. mol-' cm-' for HMG-1 and 20 000 
1. mol-' cm-I for HMG-2, plus the molar extinction for the 
two spectral coefficients of tyrosine and tryptophan (Edel- 
hoch, 1967), we estimate that there are 7 tyrosines and 2 
tryptophans per molecule of HMG-1 and 6 tyrosines and 2 
tryptophans per molecule of HMG-2. 

Fluorescence and Light Scattering: Effects of Salt and 
p H  Changes. The fluorescence anisotropy of HMG-1 and 
HMG-2 show similar pH dependences (Figures 3 and 4). 
Either protonation of the acidic residues or deprotonation of 
the basic residues denatures the protein. There is a broad 
plateau region between pH 4.5 and pH 10 where the anisot- 
ropy remains nearly constant. The fluorescence intensity is 
quenched by folding, but the exact pH dependence differs 
for each (Figures 3 and 4). The turbidity of HMG-1 is very 
different from that of HMG-2 (Figures 3 and 4). HMG-1 
gives a large scatter peak a t  pH 5.7. This is near the esti- 
mated PI so this is probably a nonspecific aggregation due 
to net charge neutralization. HMG-2 also shows a scatter 
peak near its PI (9.0) but it is much lower. 

Once the aggregated state is formed, it remains fairly 
stable to pH changes so care must be exercised as to the 
path taken to reach a particular pH. 

0.04 

o'02t HMG-2  

- 

5.0 x M 

0 

! 
0.90 l.ooL 
1.10 

I 

0 . 2 0 1  

~ l I l ~ l , l l l l l  
2 4 6 8 I O  12 

PH 
FIGURE 4: Titration of reduced HMG-2 with NaOH starting with 
HMG-2 in 0.8 mM HCI and 0.08 mM dithiothreitol (0) ;  and with 
HCI starting with HMG-2 a t  pH 12 (0). 

0 , 0 8 1  

One should note that the anisotropy is not significantly 
increased by aggregation. Therefore the relatively high an- 
isotropy of the plateau is not a result of intermolecular in-  
teractions. Secondary structure alone will not immobilize 
the tryptophan side groups either. Therefore it can be con- 
cluded that intramolecular folding occurs such that the 
tryptophans are buried inside the molecule. 

The addition of NaCl to HMG-I  at a nonaggregating pH 
decreases the anisotropy only slightly. Most of the change 
occurs by 0.1 M NaC1, at which point the anisotropy has 
leveled off at 0.178. Addition of NaCl to HMG-2 produces 
no significant change in anisotropy. There is not even the 
small decrease seen for HMG-1 at low salt concentrations 
(Figure 5). 

Circular Dichroism: Salt and p H  Effects. Figures 6 and 
7 show the CD spectra of HMG-1 and HMG-2 under vari- 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  8, 1 9 7 6  1647 



B A K E R  E T  A L  

+ 0 .5  1 
I H M G - I  HMG-2 

4 

I " - '"ti j 1 1 l 1 1 1 i 
200 210 220 230 240 250 

x nm 

F I G U R E  6: C D  of 6.0 X M dithiothreitol a t  the 
pH's indicated. The NaCl sample also contained 10 mM Tris. IC in 
units of I .  cm-' mol-' of residue. 

M H M G - I ,  

ous conditions. As discussed below, the C D  of HMG-1 
demonstrates the existence of an a-helical content of 41%. 
Addition of 0.1 M NaCl changes the C D  only slightly. At 
pH 6.1 HMG-1 is highly aggregated. The C D  spectrum is 
similar in shape but is decreased in magnitude. This de- 
crease may be a scattering artifact. At pH 3.0 the anisotro- 
py is near its minimum, but the C D  shows that residual 
structure exists. At  pH 11.8 the a-helical contribution to 
the C D  of HMG-1 is less than that found a t  pH 3, and 
going to pH 13 does not change the C D  further. 

The C D  of HMG-2 shows that it has 50% a-helical con- 
tent in the plateau region. The C D  at pH 9.1 is less than a t  
pH 6.4, and this may also be a scattering artifact. Addition 
of 0.1 M NaCl a t  pH 6.4 produces no change in the C D  of 
HMG-2. The C D  of HMG-2 a t  pH 12 is nearly identical 
with that a t  pH 2.5. At these pH values, the protein is 
largely unfolded, but the C D  in 5 M urea a t  pH 2.4 indi- 
cates that extreme pH's alone will not totally unfold the 
protein. 

The C D  of HMG-1 and HMG-2 were analyzed by a 
newly developed method (Baker and Isenberg, 1976). This 
method provides a number of tests for the choice of refer- 
ence spectra. One of the tests is that the sum of the various 
spectral components should add to unity; another is that the 
results should be independent of the spectral range used in 
the analysis. With these criteria a number of reference 
spectra could be rejected as unsuitable for HMG-1 and 
HMG-2. For example, use of the poly(L-lysine) C D  spectra 
for a ,  @, and random reference spectra to analyze the C D  of 
HMG-I gave a sum of only 0.69 instead of unity. In con- 
trast to this, use of the Chen et a1 (1974) spectra gave a 
more satisfactory sum of 1.04 and an analysis of 0.41, 0.04, 
and 0.59 for a, @ and random coil components, respectively. 
For HMG-2, we obtained 0.50, -0.017, and 0.49 for the a, 
8, and random coil components, respectively. The small 
negative component for the /?-sheet content is, of course, not 
meaningful; within experimental error, the @-sheet content 
is zero. 

-5.0 I 

d 
200 210 220 230  240 250 

x nm 

FIGURE 7 :  CD of 4.8 X M HMG-2,  M dithiothreitol. pH's 
were adjusted with HCI and NaOH.  The NaCl sample also contained 
10 mM cacodylic acid. AC in units of I .  cm-' mol-' of residue. 

Discussion 
HMG-I and HMG-2 are similar proteins which differ 

mainly in molecular weight, pl, and degree of aggregation 
near the PI. It is interesting to note that HMG-1 is an acid- 
ic, and HMG-2 is a basic protein. 

HMG-I and HMG-2 each have two cysteines and two 
tryptophans, results which have hitherto not been noted. 
The tryptophans must have similar distributions and similar 
conformations in the folded state since the tryptophan an- 
isotropy has the same pH dependency for each. HMG-I 
and HMG-2 exist in a highly structured conformation, rich 
in a-helix over a broad pH range. This conformation is in- 
sensitive to pH and salt changes. 

It is not possible to give a direct functional test for the 
native conformation of HMG-1 and HMG-2 since, at  the 
present time, the functions of these proteins are not known. 
Nevertheless, it is possible to give the same type of indirect 
criteria that have been found useful in the study of histones 
(Van Holde and Isenberg, 1975; Isenberg, 1976). Extensive 
experience in studies of enzymes has shown that functional 
activity is associated with a highly structured compact con- 
formation. I n  lieu of a more direct criterion, we may, at  
least tentatively, adopt such a test for HMG-1 and HMG-2, 
although it is possible that small parts of the molecule could 
be in a nonnative form even though most of the protein is 
highly structured. In this sense we state that the neutral, 
folded forms of HMG-1 and HMG-2 are either in the na- 
tive state, or close to it. 

Sequence data so far obtained (Johns et al., 1975) indi- 
cate that the N-terminal sequences of both HMG-1 and 
HMG-2 are highly basic, and that for HMG-1 both hydro- 
phobic and acidic regions exist. Since the folded conforma- 
tion can be disrupted by going to high or low pH, but not by 
high salt, it is possible that charge-charge interactions do  
not play an important role in stabilizing the folded state. I f  
so, the charges would be asymmetrically distributed, not 
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only in the sequence, but also in the folded form. We may 
then speculate that acidic and basic regions would be avail- 
able to interact with DNA, and proteins such as histones. 
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Synthesis and Properties of Carbonylbis( methionyl)insulin, 
a Proinsulin Analogue Which Is Convertible to 
Insulin by Cyanogen Bromide Cleavage? 

Wolf-Dieter Bussel and Frederick H .  Carpenter* 

ABSTRACT: The preparation and use of carbonylbis(L-me- 
thionine p-nitrophenyl ester) as a reversible cross-linking 
reagent for insulin are described. The reaction of 1 equiv of 
reagent with zinc insulin in dimethylformamide in the pres- 
ence of triethylamine yields as one of the products 
N*A1,NeB29-carbonylbi~(methionyl)insulin, (CBM-insulin). 
The CBM-insulin was characterized by end group analysis 
and by the products formed on tryptic and chymotryptic 
cleavage. It possessed 91% of the immunological and 6.5% 
of the hormonal activity of insulin. Treatment of CBM-in- 
sulin with cyanogen bromide (CNBr) in 70% formic acid 
for 1 h resulted in nearly complete removal of the methio- 
nine bridge to yield insulin. A small amount of a side prod- 
uct was removed on DEAE-cellulose at pH 7.2 to give an 
overall recovery of insulin of 70-80%. Oxidative sulfitolyses 
of CBM-insulin gave the hexa(S-sulfonate) which was re- 

T h e  present paper elaborates on preliminary communica- 
tions (Busse and Carpenter, 1974; Busse et al., 1974; Busse, 
1975) on the synthesis and application of a new bifunctional 
“methionine” reagent, carbonylbis(methionine p-nitrophe- 
nyl ester), which may be used for intra- and intermolecular 
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duced with dithiothreitol to yield reduced CBM-insulin. 
The latter compound, containing 6 sulfhydryls, exhibited a 
pH-dependent circular dichroic spectrum. The form at pH 
10 exhibited a spectrum typical of random coil which was 
converted to a form at pH 7.8 which was characterized by a 
negative extremum at 213 nm. The change in the spectrum 
at 213 nm with pH was characterized by an apparent pK, 
of 8.5. Studies on the reoxidation of reduced CBM-insulin 
were performed a t  pH values between 7.8 and 10 and at 
protein concentrations of 0.01-1 mg/ml. The best yields 
(ca. 85%) of the correctly paired disulfide bonds were ob- 
tained in reoxidations at pH 9.5-10 at protein concentra- 
tion of 0.01-0.1 mg/ml. CBM-insulin, which had been iso- 
lated from reoxidation a t  high pH of the reduced CBM-in- 
sulin, was cleaved by CNBr to yield a fully active insulin in  
an overall yield of 60% from the reduced CBM-insulin. 

cross-linking of the amino groups of insulin. From the reac- 
tion of insulin (1) with 1 equiv of CO(Met-ONp)Z,’ an in- 

’ The abbreviations for amino acid derivatives and peptides are those 
proposed by the IUPAC-IUB Commission on Biochemical Nomencla- 
ture (1972): Boc, tert-butyloxycarbonyl; dansyl, 5-dimethylamino- 
naphthalene-1-sulfonyl; DCC, N,N‘-dicyclohexylcarbodiimide; ONp, 
p-nitrophenyl. In addition, the following abbreviations are used: 
CBM-, carbonylbis(L-methionyl); CBM-insulin, insulin which is cross- 
linked by the CBM residue between the a-amino group of glycine A1 
and the c-amino group of lysine B29; CD, circular dichroism; CO(Met- 
ONp)2, carbonylbis(~-methionine p-nitrophenyl ester); CNBr,  cyano- 
gen bromide. 
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