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An optical rotatory dispersion study of several forms of the enzyme aspartic amino transferase 
has been carried out in the wavelength range of 300-600 mp. The pyridoxal and pyridoxamine 
enzymes in aqueous solution display anomalous rotatory dispersion indicating a strong inter- 
action between coenzyme and enzyme. When ketoglutarate is added to the aldimine enzyme 
to form a complex, the rotatory dispersion curve is unchanged. On the other hand, addition 
of hydroxylamine, yielding an oxime, causea complete disappearance of the Cotton effects. The 
apoenzyme and the denatured enzyme also have plain dispersion curves. The bo for the oxime 
enzyme is quite high (-490") suggesting a highly ordered structure, whereas the apo- and 
native enzymes have quite low bo values ( > - 100 "). However, the a. values for the oxime and 
apoenzyme are essentially identical (- -220 '), while that for the enzyme in urea is markedly 
changed (-490'). According to current theories, this seems to indicate that pyridoxal phos- 
phate has a profound ordering effect on the enzyme structure. 

The use of optical rotatory dispersion for providing 
information about the conformation of proteins and 
about their interaction with prosthetic groups is now 
well established (Urnes and Doty, 1961). The enzyme 
aspartic amino transferase can exist in several distinct 
forms (Jenkins and Sizer, 1960; Lis et al., 1960). A t  
high p H  values (>8) an active enzyme containing 
tightly bound pyridoxal phosphate and having an ab- 
sorption maximum at  362 mp is formed. At lower p H  
values (<5)  the enzyme is inactive and its spectral maxi- 
mum shifts to 430 mp. In  both cases the aldehyde 
group of the pyridoxal phosphate forms an internal 
Schiff base with an eamino group of the protein 
(Turano et al., 1961; Hughes et al., 1962). These 
two forms are jointly termed the aldimine enzyme. 
The active aldimine enzyme can react with amino 
acid substrates to give keto acids and a protein- 
containing pyridoxamine phosphate with an absorp- 
tion maximum at  333 m p  (the aminic enzyme) (Jenkins 
and Sizer, 1960; Lis et d., 1960). The inactive apo- 
enzyme can be prepared by complete removal of the 
pyridoxal phosphate. (Banks and Vernon, 1961; 
Wada and Snell, 1962). The aldimine enzyme can 
also react with dicarboxylic acids and carbonyl reagents, 
which are competitive inhibitors of the enzyme reac- 
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tion, to form inactive complexes (Polyanovsky and 
Torchinsky, 1961; Velick and Vavra, 1962b; Jenkins 
and Sizer, 1963; Banks et al., 1963; Karpeisky et al., 
1963; Hammes and Fasella, 1964). 

An investigation of the optical rotatory dispersion 
of the various forms of the enzyme is of interest to 
obtain further information about the apoprotein- 
coenzyme and enzyme-quasi substrate interactions 
and to detect possible conformation changes occurring 
in the protein moiety of the enzyme when it reacts 
with coenzyme, substrate, and substrate analogs. 

EXPERIMENTAL 

Aspartic amino transferase from pig hearts was 
prepared according to Lis (1958). This preparation 
is homogeneous in the ultracentrifuge and in zonal 
and free-phase electrophoresis (Passalacqua, 1961 ) . 
The pyridoxamine form of the enzyme was prepared 
according to Lis et al. (1960). The apoenzyme was 
prepared by the procedure described by Wada and 
Snell (1962) for the resolution of transaminases. The 
apoenzyme thereby obtained had lea4 than 5% of 
the original activity. The activity could be restored 
(more than 90% of the original values) after 30 minutes' 
incubation with 10-4 M pyridoxal phosphate a t  p H  
8.05 in 0.05 M potassium phosphate buffer a t  20'. 
The denatured enzyme was prepared by putting the 
pyridoxal enzyme into a buffered solution saturated 
with recrystallized urea at  20" (9 M). This solution 
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FIG. 1.-Optical rotatory dispersion curves of aldimine enzyme, p H  4.95, 0.2 M acetate buffer. 0, 
enzyme done; A, enzyme plus 10-3 M ketoglutarate. The long vertical lines on the wavelength scale 
designate the absorption maxima. The dashed curve is the rotatory dispersion curve of the apoenzyme. 

was diluted to a final urea concentration of 8 M and 
incubated at  room temperature for 60 minutes. All 
other reagents were standard reagent grade. Distilled 
deionized water was used to prepare all solutions. 

Optical rotation was measured by means of a Rudolph 
Model 200 S-8OQ photoelectric spectropolarimeter 
with an oscillating polarizing prism. The light source 
was a high-intensity high-pressure mercury lamp (AH 
6, General Electric Co.). Excellent stability was ob- 
tained by circulating cool deionized water through 
the quartz-jacketed lamp housing. Standard 5-cm 
semimicropolarimeter cells with quartz end plates 
were used in all determinations. The cell housing 
was thermostated at  12 O rt 1.5 O. A stream of nitrogen 
was directed onto the polarimeter-cell end plates to pre- 
vent fogging. The oscillating symmetrical angle was 5 O 

and the slit width was less than 0.3 mm. Within 
the wavelength region examined the absorbancy of 
the sample in the 5-cm pathway was always less 
than 1.5. Protein concentrations were varied between 
0.1 and 0.5 g/100 ml and were determined spectro- 
photometrically by measuring the absorption at  280 
mk. Several different concentrations were used to 
determine the curve for each sample 90 as to insure 
the absence of light-scattering effects. Blanks were 
run on solutions identical to the experimental sample 
except that they did not contain the enzyme. 

The optical rotatory power, [ a ] ~  was calculated 
from the usual equation 

100 
[ a l x  - IC 

where 1 is the cell length in decimeters, c is the concen- 
tration of optically active solution in g/100 ml, and ax 
is the observed rotation corrected for the solvent blank. 
The maximum error in ax, as judged by the reproduci- 
bility and estimates of experimental error, is about 
*3%. The following solutions were investigated: 
aldimine enzyme (EL) a t  p H  8.05,0.2 M potassium phos- 
phate buffer; aldimine enzyme ( E a )  a t  p H  4.95, 0.2 M 
sodium acetate buffer; pyridoxamine enzyme (EY) a t  
pH 4.95, 0.2 M acetate buffer; EJ-I and ketoglutarate 
(lo-* M) a t  p H  4.95, 0.2 M acetate buffer; E L  and 

hydroxylamine ( lo+ M) a t  p H  8.05, 0.2 M phosphate 
buffer; apoenzyme at  p H  8.05, 0.2 M phosphate buffer; 
and denatured enzyme in 8 M urea a t  p H  8.05, 0.2 M 
phosphate buffer. A t  the concentrations of ketoglu- 
tarate and hydroxylamine used, the enzyme is essen- 
tially saturated (Hammes and Fasella, 1964). 

RESULTS AND TREATMENT OF DATA 

The optical rotatory dispersion curves of the aldi- 
mine enzyme a t  moderately alkaline and acidic p H  
values in the presence and absence of ketoglutarate 
and hydroxylamine and of the aminic form of the 
enzyme are reproduced in Figures 1-4. The rotatory 
dispersion curve of the apoenzyme is displayed in 
each figure for reference. The aldimine enzyme in 
the presence of hydroxylamine, the apoenzyme, and 
the denatured enzyme gave plain dispersion curves 
within experimental error in the wavelength region 
investigated. The data in these cases were treated 
according to the usual equation (Moffit and Yang, 
1956): 

where 

z 3  [m’lx = [a]x--  - 100 n2 + 2 

M is the mean amino acid residue weight, which was 
taken as 115, n is the refractive index, X is the wave- 
length in Angstroms; Xo was taken as 2120 A, and a. 
and bo are constants to be determined from the data. 
The constants a. and bo were obtained by plotting 
[m’Ix(Xa - X o 2 )  versus 1/(X2 - io2). The plots 
of the data are shown in Figure 5. The refractive 
index was taken as 1.334 for all solutions except 8 M 
urea, for which a refractive index of 1.400 was used 
(Schehan,  1958). The values of a. and bo found 
are reported in Table I, together with estimates of the 
experimental uncertainty. The Cotton effects with 
other forms of the enzyme extend over such a wide 
range of wavelength that a precise evaluation of rota- 
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FIG. 2.-Optical rotatory dispersion curve of aldimine enzyme, pH 8.05, 0.2 M phosphate buffer. The 
The dashed curve is long vertical line on the wavelength scale designates the absorption maximum. 

the rotatory dispersion curve of the apoenzyme. 
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FIG. 3.-Optical rotatory dispersion curve of pyridoxamine enzyme, pH 4.95, 0.2 M acetate buffer. 
The long vertical line on the wavelength scale designates the absorption maximum. The dashed curve 
is the rotatory dispersion curve of the apoenzyme. 

tory dispersion constants a, and bo is not possible. 
In passing, it was noted that the results obtained 
were somewhat dependent on temperature and the 
particular buffer used. 

DISCUSSION 

Examination of Figures 1-3 indicates that the 
optical rotatory dispersion of these forms of the en- 
zyme is anomalous. We shall first consider these 
anomalies and then examine the behavior of the plain 

At pH 5 the aldimine enzyme displays two distinct 
The Cotton effect having a 

CUrVeB. 

positive Cotton effects. 

TABLE I 
SUMMARY OF ROTATORY DISPERSION CON ST ANTS^ 

Helix 
Enzyme Form a0 bo (%) 

Apoenzyme -215 f 10 -90 f 10 4 

EL - NHaOH -225 f 10 -490 f 20 68 
Denatured enzyme -490 f 20 -65 f 10 0 

a See text for experimental conditions. 

peak a t  470 mp and a negative shoulder at-390-400 
mp probably corresponds to the strong absorption 
band a t  430 mp. The second effect is less evident, 
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FIG. 4.-Optical rotatory dispersion curve of oxime enzyme (aldimine enzyme + 10 - 3  M NHZOH), 
p H  8.05, 0.2 M phosphate buffer. The dashed curve is the rotatory dispersion curve of the apoenzyme 
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FIG. 5.-Plot of rotatory dispersion data according to equation (1). 0, oxime enzyme (aldimine enzyme 
+ 10-3 M NH20H), p H  8.05, 0.02 M phosphate buffer; 0, apoenzyme, p H  8.05, 0.2 M phosphate buffer; 
and A, denatured enzyme, 8 M urea, p H  8.05, 0.2 M phosphate buffer. 

partially because it is superimposed on a portion of 
the background curve where the rotatory power is 
absolutely much greater. Nevertheless, a slight posi- 
tive shoulder seems visible in the 360-380 mp region. 
while the steepness of the curve in the 315-330 mp 
region suggests that a negative trough or shoulder 
would appear a t  around 300 mp. These anomalies 
are centered about the absorption peak of the enzyme 
at  335 mp. 

If similar considerations are applied to the curve 
for the aldimine enzyme a t  p H  8, a small Cotton effect 
with a positive peak at  400 mp and a negative shoulder 

in the 320-mp region appears to be present correspond- 
ing to the 362-mp absorption peak displayed by the 
enzyme a t  thispH. 

The aminic form of the enzyme a h  displays a slight 
Cotton effect with a positive peak around 365 mp 
and a negative shoulder, presumably around 300 mp. 
This Cotton effect corresponds to the absorption 
peak shown by the pyridoxamine enzyme at  333 mp. 
That the observed Cotton effects are not artifacts 
(Urnes and Doty, 1961) was proved by the-fact that 
the same values of [ a ] ~  were obtained from experi- 
mental measurements a t  different concentrations of the 
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enzyme. Although some of the Cotton effects are 
small, the deviations of the data in Figures 1-3 from 
plain dispersion curves are definitely outside experi- 
mental error. Moreover, none of the curves fit a 
simple one-term Drude equation or equation (1). 
In  point of fact, such plots tend to accentuate the 
Cotton effects and make them more noticeable. Un- 
fortunately a stoichiometric optical rotation titration 
of the apoenzyme with coenzyme is not possible be- 
cause reconstitution of the enzyme may be accompanied 
by the binding of coenzyme a t  binding sites other 
than those occupied in the native enzyme (Meister, 
1955). 

The absence of Cotton effects in the apoenzyme dis- 
persion curve and the correspondence between the 
characteristic wavelengths of the Cotton effects and 
the wavelength of the coenzyme-absorption peaks 
indicates that the anomalies are produced by the 
bound vitamin Bs derivatives. Since the coenzymes 
themselves are not optically active, the optical asym- 
metry must be produced by binding to the apotrans- 
aminase. This situation is analogous to that found 
with liver alcohol dehydrogenase where Cotton effects 
appear upon binding of coenzyme or inhibitors to the 
apoprotein (Ulmer etal.,  1961). 

Denaturation of the enzyme with urea causes the 
disappearance of the Cotton effect given by the co- 
enzyme chromophore even though spectral evidence 
indicates that the coenzyme is still partially bound 
to the protein. This again is not surprising since an 
ordered structure of the protein is necessary to create 
the specific disposition in space of the apoenzyme groups 
capable of binding the coenzyme asymmetrically. 
(Ulmer et al., 1961). A similar situation was found 
for dye-helical polypeptide interactions (Stryer and 
Blout, 1961). 

A three-point attachment of pyridoxal phosphate 
to apoenzyme has been proposed by several workers 
on the basis of various pieces of evidence (Snell and 
Jenkins, 1959; Fasella et al., 1961). The three postu- 
lated points of interaction on the coenzyme molecule 
are the phosphate group, the carbonyl group, and the 
ring nitrogen. In this connection it should be noted 
that the Cotton effects related to the coenzyme vanish 
when the aldimine enzyme reacts with hydroxylamine 
to form a complex absorbing a t  370 mp (See Figs. 4 
and 5. Some scatter in the experimental data shown 
in Fig. 5 exists, but no Cotton effects are apparent.) 
The observed plain curve is probably due to the fact 
that an oxime is formed between the aldehyde group 
of the coenzyme and hydroxylamine, thus destroying 
one of the coenzyme-enzyme interaction points. 

The aldimie enzyme-ketoglutarate complex has a 
dispersion curve essentially identical to that of the 
free aldimine enzyme (Fig. 1).  This suggests that no 
major conformation change in the protein or coenzyme 
has occurred. This is consistent with the fact that the 
rate of formation of this complex is essentially diffusion 
controlled (Hammes and Fasella, 1964). It has been 
suggested that ketoglutarate binds to the coenzyme 
via the phenolic group or the ring nitrogen (Velick 
and Vavra, 1962a). However, the optical rotatory 
dispersion data suggest that the binding must occur 
without appreciably affecting the protein-coenzyme 
relationship since the Cotton effects in the absence 
and presence of ketoglutarate are identical within 
experimental error. The observation that the inactive 
forms of the enzyme display the largest Cotton effects 
is probably related to the fact that further stabilization 
of the internal Schiff base may occur due to the proton- 
ation occurring at  the active site (Martell, 1963; John- 
ston et al., 1963). 

Since the rotatory dispersion curves of the denatured 
enzyme, apoenzyme, and oxime enzyme are plain within 
experimental error, they are completely described by 
equation (1) with the constants given in Table I. 
Included in Table 1 are estimates of the apparent helix 
content of the protein assuming the denatured protein 
has no ordered (helical) structure and a completely 
helical molecule has a bo of -630 (Urnes and Doty, 
1961). Actually these numbers have essentially no 
theoretical signScance, but are included as a matter 
of possible interest. 

The oxime enzyme has a highly negative bo (-490) 
suggesting, according to current theories (Urnes and 
Doty, 1961), that this form of the enzyme has a large 
helix content (-70%) (or alternatively, simply that 
the structure is highly ordered). In  8 M urea the 
value of bo drops to -60°, indicating that wentially 
complete breakdown of helical or ordered structures 
has occurred. Whether or not such an analysis is valid 
for proteins is questionable and therefore these con- 
clusions must be viewed with considerable caution. 

The apoenzyme has a relatively small bo although 
the value of a0 is similar to that found for the aldimine- 
hydroxylamine complex. Its optical rotatory disper- 
sion properties, therefore, seem to fall into the ‘ ‘p  lacto- 
globulin type” of globular proteins (Tanford et al., 
1960). Several explanations have been proposed for 
the optical rotatory characteristics of this group of pro- 
teins (Tanford et al., 1960; Urnes and Doty, 1961), but 
in this case simply a lack of helical or ordered structure 
is most likely responsible for the low bo. Since a. 
(which is a rough measure of solvent-amino acid inter- 
actions) is unchanged from the holoenzyme, i t  seems 
unlikely that contributions from a helices with different 
screw senses or a combination of a and p structures are 
causing the low bo values. In  any case, the binding of 
the coenzyme apparently causes an amazing change in 
the protein conformation. However, the possibility 
that an undetected low-wavelength Cotton effect is dis- 
torting the value of bo obtained for the oxime enzyme 
should be kept in mind. Again, all of the aforemen- 
tioned cautions apply to this analysis. 

Unfortunately a detailed analysis of the other rota- 
tory dispersion curves in terms of the ao-bo constants 
cannot be made. A study of the ultraviolet rotatory 
dispersion curves may shed further light on this problem 
and will be undertaken in the near future. Preliminary 
studies of the 233 mp trough are in accord with the 
large bo values suggested for the pyridoxal enzyme. 

We are greatly indebted to Dr. Bert Vallee for allow- 
ing us the use of his spectral polarimeter and general 
laboratory facilities and to Dr. Gerald Fasman for allow- 
ing us to make some preliminary measurements of 
ultraviolet rotatory dispersion curves with his recording 
instrument. 
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When rabbit muscle aldolase (Mu = 142,000) is reacted with succinic anhydride under neutral 
conditions, the enzyme readily dissociates into three subunits having a molecular weight (M:) 
of 54,500 and a sedimentation coefficient (s02,,,,) of 2.48 S. This dissociation is accompanied by 
a shift in the wavelength of maximum absorption from 279.9 to 276.5 mp and a concomitant 
decrease in the extinction coefficient (Et:). Succinylation also produces a large increase in 
intrinsic viscosity, [TI, from 4.04 to 12.80 ml/g and a significant increase in the frictional ratio, 
f/fo, from 1.13 to 2.29. Pycnometric analyses a t  20" reveal that succinyl aldolase in Tris-KC1 
buffer (pH 8.0, p = 0.55) has an apparent specific volume of 0.704 f 0.008 ml/g. Native 
aldolase in the same medium has an apparent specific volume of 0.745 f 0.006 d / g .  When 
succinyl aldolase subunits are exposed to borate-KC1 buffer (pH 12.5, p = 0.52), further dis- 
sociation occurs and six polypeptides, having apparently equivalent molecular weights (Ml = 
27,000), are obtained per mole of enzyme. N-Terminal amino acid analyses by Edman degrada- 
tion yield a minimum of four prolines per mole of native aldolase. Similar amino acid analyses 
on alkali-treated succinyl subunits show no N-terminal groups, indicating that the six subunits 
do not result from peptide bond cleavage. 

Several reports concerning the structure of muscle 
aldolase indicate that the native molecule is composed 
of a t  least three subunits (Kowalsky and Boyer, 1960; 
Stellwagen and Schachman, 1962; Deal et al., 1963). 
Recent investigations by Hass and Lewis (1963)) how- 
ever, show that after exposure to alkaline conditions 
above p H  12.0 the enzyme dissociates into six poly- 
peptide chains having apparently equivalent molec- 
ular weights. This finding led to the conjecture 
that alkali might cause the cleavage of specific covalent 
bonds while promoting disaggregation of highly nega- 
tively charged molecules. Consequently, interest was 
developed in other modifications which might cause 
subunit formation through the production of negatively 
charged peptides under neutral conditions. 

Maurer and Lebovitz (1956) and Habeeb et al. 
(1958) have shown that succinic anhydride readily 
reacts with proteins under relatively mild conditions. 
As a result, a high negative-charge density is imposed 
upon the molecule through the elimination of -NH3+ 
groups and the introduction of -COO- ions. When 
this occulg there is a considerable expansion of molec- 
ular structure and, as recently shown with hemery- 

* Present addreea: Department of Biochemistry, School 
of Medicine, State University of New York at  Buffalo, 
Buffalo 14, New York. 

thrin (Klotz and Keresztes-Nagy, 1963)) dissociation 
into subunits is possible. 

This report is concerned with the dissociation of 
rabbit muscle aldolase by reaction with succinic anhy- 
dride. The resulting succinyl subunits have been 
examined a t  different p H  values and ionic strengths, 
and several of their physical properties have been 
described. N-Terminal amino acid analyses have 
been performed on native and alkali-treated succinyl 
aldolase in an effort to establish the actual number of 
monomeric subunits comprising the native molecule. 

MATERIALS AND METHODS 

Materials.-Twice-crystallized aldolase was prepared 
from rabbit muscle by the method of Taylor et al. 
(1948) as modified by Kowalsky and Boyer (1960). 
Large preparations of the enzyme were stored at 4' 
in 0.5 saturated ammonium sulfate. The concentra- 
tion of dissolved aldolase was determined by absorp- 
tion at  280 mp using an extinction coefficient, E'd", = 
0.91 (Baranowski and Niederland, 1949). 

Succinic anhydride (mp 120") was obtained from 
Eastman Kodak Distillation Produds Industries, 
Rochester, N. Y., and was used without further 
purification. 


