
excitation spectra, taken on the same 
instrument with identical bandwidths, 
is not evident for any base and may be 
taken as an implication that there is 
a variation in the emission yield as a 
function of excitation energy (5). Other 
examples of such behavior have been 
reported for the purines and pyrim- 
idines under different conditions. At 
170'K in EG:H20 (70:30, by volume) 
the relative quantum yields of adenine 
fluorescence excited at 4.00, 3.73, and 
3.57 Itm-l are 0.6, 1.0, and 1.9 (10), 
as compared with our values at room 
temperature and in aqueous solution of 
0.54, 1.0, and 2.7. Excitation spectra 
of guanine (11) at acid and alkaline 
pH's, of adenine (12) in acid, and of 
thymine (13) in alkali also exhibit a 
shift relative to absorption similar to 
our results. Processes that may explain 
this type of shift include the existence 
of two tautomeric structures in the 
first absorption band, only one of 
which is fluorescent (5, 10, 12), the 
changing efficiency of radiationless de- 
activation processes as a function of 
excitation energy (5), and emission 
from an n-7r* or 7r-7r* state hidden in 
the red edge of the absorption band 
(5, 14). 

The emission quantum yields (Table 
1), calculated relative to a PPO (2,5- 
diphenyloxazole) yield in nitrogen- 
flushed cyclohexane assumed to be 
1.00 (15), are sufficiently low to have 
escaped previous detection. At room 
temperature the purines fluoresce at 
least three times more intensely than 
pyrimidines, whereas at 770K cytosine 
fluorescence is reported (9) to be as 
efficient as that of the purines, and 
thymine fluorescence (8) has more 
than twice the quantum yield of the 
purines. These changes in the relative 
order of emission yields as a function 
of temperature (for example, from 
770 to 3000K the guanine yield is re- 
duced 200-fold, but the thymine yield 
is reduced over 2000-fold) further em- 
phasize the uncertainties in the direct 
application of low-temperature results 
to room temperature conditions. 

The low observed quantum yields 
imply correspondingly short singlet 
lifetimes, - 10-12 second. This short 
singlet lifetime has been interpreted as 
making singlet energy transfer in DNA 
improbable (4) [the estimated transfer 
rate is 1 Q12 sec - 1 under the most 
favorable conditions (16) ]. The pos- 
sibility, however, of emission arising 
from a tautomer or excited state hid- 
den in the first absorption band makes 
the true quantum yields and the oscil- 
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lator strengths of the fluorescing spe- 
cies somewhat uncertain. Calculated 
singlet lifetimes are all 10-12 sec- 
ond or less [Table 1, column (a)] if it 
is assumed that the entire low-energy 
absorption band for each base is re- 
sponsible for emission. If, however, the 
fluorescent oscillator is assumed to be 
the fluorescence excitation fitted to the 
low-energy absorption band [which 
may give an estimate of that portion 
of the total absorption actually re- 
sponsible for fluorescence (10)], all 
lifetimes are significantly increased 
[Table 1, column (b)]. Singlet life- 
times at room temperature calculated 
directly from the quantum yield and 
the absorption spectrum must there- 
fore be considered a lower limit. In 
addition, the slightly broader emission 
spectra reported for all the bases at 
300'K relative to 770K may mean a 
different overlap integral for singlet 
transfer. The role of singlet energy 
transfer at room temperature must re- 
main an open question. 

The 0-0' energies (Table 1) are in 
the order adenine - uracil > cyto- 
sine > thymine > guanine. Although 
different from the order for the nu- 
cleotides at 770K (16), particularly in 
the position of guanine, our values are 
very similar to those determined (17) 
at an intermediate temperature of 
1.950K for adenine (3.56 jum1n) and 
guanine (3.32 jum-1) (17). Although 
room-temperature data on the nucleo- 
tides would be preferred for compari- 
son, the results presented here may 
mean that the relative excited state 
energies of the bases are sufficiently 
altered by temperature to affect the 
direction of energy transfer. 

In view of the significant differences 
in excited singlet properties between 
770 and 300'K, extrapolation from 
low-temperature measurements to pro- 
cesses occurring in DNA under bio- 
logical conditions may require careful 

reevaluation. Extension of the tech- 
nique reported here to an investigation 
of the fluorescent properties of the 
nucleotides, excimer formation (18) 
in the dinucleotides, and the fluo- 
rescence behavior of DNA itself is now 
feasible. 
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Subunit Structure of Aldolase 

Abstract. A new crystal form of rabbit muscle aldolase shows that the molecule 
has 222 symmetry to at least 4-angstrom resolution, and hence that the gross con- 
formation of the four subunits is the same. Comparison of the new form with a 
previously reported form establishes the number of molecules per unit cell, n, in 
the older form. For an independent check, the "crystal-volume and protein-content 
method" was developed to determine n without directly measuring the water con- 
tent of the crystals. 

Aldolase from rabbit muscle is com- 
posed of four subunits, each having a 
molecular mass of about 40,000 dal- 

tons (1). Two crystal forms of this 
enzyme have been reported (2, 3): form 
I (Table 1) is a hexagonal form that is 
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A B 
Fig. 1. (A) The hkiO section of the diffraction pattern for form III, with a*-axis 
vertical. (B) The same section for form I with the a*-axis 30? away from the vertical 
direction. 

relatively unstable to x-radiation, and 
form II is monoclinic with the large 
asymmetric unit of one entire molecule. 
We have found a new modification, 
form III (Table 1) that exhibits a well- 
ordered diffraction pattern to a resolu- 
tion of at least 3 A, is quite stable to 
radiation, and has the smallest possible 
asymmetric unit, namely one enzyme 
subunit. The diffraction pattern of this 
form shows that the four subunits are 
arranged about three mutually perpen- 
dicular twofold axes, and, thus, that 
the gross conformation of all subunits 
is the same. 

When several crystal forms of an 
enzyme are known, such as forms I, 
II, and III of aldolase, information on 
n, the number of molecules per unit 
cell in one form, restricts the possible 
values of n in the other forms. We have 

used this "method of multiple crystal 
forms" to establish that in form I n is 
nine. The value nine is also indicated by 
another procedure, the "crystal-volume 
and protein-content method," described 
below. 

Aldolase (Boehringer-Mannheim) 
was dialyzed against 0.02M potassium 
phosphate buffer, pH 6.0, containing 1 
mM glutathione and 0.1 mM ethylene- 
diaminetetraacetic acid, and then con- 
centrated with Lyphogel (Gelman In- 
strument Co.) to a protein concentra- 
tion of 10 mg/ml. After the concentrate 
was centrifuged at 10,000 rev/min for 
half an hour, ammonium sulfate was 
added to a concentration of 2.3 mole/ 
liter of this salt. Crystals grew in 2 to 
6 weeks. All batches of crystals con- 
tained form I and about 1(0 percent of 
the batches also contained small crystals 

Table 1. Crystal forms of aldolase. The densities for forms I and III in this report are for 
crystals taken from a single dish. The density of a single crystal modification varies as much 
as 5 percent depending upon the density of the liquid of crystallization from which the crystal 
is taken. Thus, the density of form I varies from 1.205 g/ml to 1.255 g/ml as the density 
of the mother liquor changes from 1.150 to 1.240 g/ml, because of changes in the concentra- 
tion of ammonium sulfate. However, for crystals taken from the same dish, form I is always 
more dense than form III by ~ 0.3 percent. Our results on the change in crystal density 
with salt concentration in the mother liquor are similar to those obtained by Perutz (12) for 
crystals of hemoglobin. They also explain the discrepancy in the values for the density of 
form I that appear in the table. V31 is the ratio of the volume of the crystallographic asym- 
metric unit to the molecular weight of protein within it (7). 

Mole- 
Cell dimensions cules 

Cell Mole- cuers V 
Form Space -Density volume cules per ( 3 

group a c (g/ml) (A X per cell symetric (A3l 
(A) (A) 1063) (No.) unit 

(No.) 

I (3) P6222 161* 169 1.25 3.8 6 1/2 4.0 
II (3)t P21 t t 1.26 0.78 2 1 2.5 
I (2) P6222 161 170 1.19 3.8 6 1?' 4.0 
I t P6222 162 170 1.250 3.9 9 3/4 2.7 

III + P6222 96.2 168 < 1.250 1.34 3 1/4 2.8 

* This value should replace the one cited in (3) and (13). t Eagles lists the cell dimensions of this 
form as a = 164.5, b = 57.3, c = 85.0, and , = 102?40' (3). T This report. 
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of form III. Attempts to find conditions 
that increase the incidence of form III 
were unsuccessful. Both forms have the 
external morphology of hexagonal bi- 
pyramids, and both possess aldolase 
activity. Activity was assayed by a 
coupled enzyme system, that employed 
glycerol-3-phosphate dehydrogenase 
(E.C. 1.1.1.8) and triosephosphate iso- 
merase (E.C. 5.3.1.1). The oxidation of 
reduced nicotinamide adenine dinucleo- 
tide at 340 nm was monitored. Densi- 
ties of the crystals were measured by 
flotation (forms I and III) and by the 
gradient-column method (form I). 

The hkiO section of the diffraction 
pattern of form III is shown in Fig. 1A. 
We established that the space group is 
P6222 (or its enantiomorph, P6422) 
from the sixfold symmetry and mirror 
planes exhibited by both this and the 
hkil section, and from the absence of 
all reflection along the 0001 row of the 
diffraction pattern except for those with 
indices of the form 1 = 3m, m being an 
integer. 

The symmetry of space group P6222 
restricts the number of molecules per 
unit cell to three, when taken together 
with our observed cell dimensions and 
density for form III, and with the molec- 
ular weight of aldolase. This can be 
shown from (4): 

. =MnM NpV (1) 

where n is the number of molecules of 
molecular weight M in a unit cell of 
volume V, p is the crystal density, N is 
Avogadro's number, and Xp is the 
weight fraction of protein in the wet 
crystal. In space group P6222, n is re- 
stricted to multiples of three. If n is 
initially assumed to be six, and M is 
taken as the generally accepted value of 
160,000 daltons, Xp is calculated to be 
0.98. This is an impossibly high value 
for a wet protein crystal, so that the 
number of molecules per cell in this 
form must be three. 

The symmetry of the aldolase mole- 
cule can be deduced from the space 
group and this value of n. The space 
group P6222 has 12 general positions. 
With three molecules per cell, the asym- 
metric unit of the crystal is one enzyme 
subunit, and the four subunits of each 
molecule must be grouped around three 
mutually perpendicular twofold axes. 
In other words, the aldolase molecule 
has 222 (D2) symmetry, at least to the 
resolution of our present set of x-ray 
photographs (about 4 A). This conclu- 
sion verifies fthe deduction of Eagles 
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et al. (3) from a study of the rotation 
function on a mercury derivative of 
form II. The discovery that the four 
subunits of aldolase are identical to at 
least 4-A resolution is interesting in 
light of evidence that the enzyme con- 
tains chemically distinct subunits (5, 6). 
Lai et al. (6), for example, have found 
that an asparagine residue in the 
COOH-terminal hexapeptide of one 
chain corresponds to an aspartic acid 
in the other chain. Apparently neither 
this nor any other amino acid substitu- 
tion causes a significant change in the 
conformations of the subunits. 

Comparison of the diffraction pattern 
of form I (Fig. 1B) to that of form III 
reveals that the two forms are related. 
We have confirmed the result of Goryu- 
nov et al. (2) and Eagles et al. (3) that 
form I also belongs to the space group 
P6222 (or P6422). The c axial lengths 
of the two forms are nearly identical, 
and the a-axis of form I is V3 times 
that of the a-axis of form III, so that 
the volume of form I is nearly three 
times that of form III. Moreover, the 
hkiO sections of the two diffraction pat- 
terns are similar: if they are superim- 
posed with their a*-axes at an angle of 
300 with one another, the distribution 
of spot intensity is seen to be similar 
(Fig. 1). Since this section of the diffrac- 
tion pattern may be thought of as the 
Fourier transform of the c projection 
of the unit cell contents sampled at the 
reciprocal lattice points this means that 
the projections of the two cells bear a 
close relationship to one another. We 
discuss this relationship below. 

In determining the number of mole- 
cules per unit cell, n, in form I, simple 
arguments of the type used above for 
form III are inadequate. This is because 
the cell volume of form I is greater 
than that of form III, and consequently 
n = 6, 9, and 12 all yield reasonable 
values of Xp. Similarly, the parameter 
Vm (the ratio of the volume of the 
crystallographic asymmetric unit to the 
molecular weight of protein contained 
within it) tabulated by Matthews (7) 
does not restrict n to a single possible 
value, though it casts some doubt on 
the value of six proposed by Goryunov 
et al. (2) and Eagles et al. (3). Matthews 
found that Vm ranged from 1.68 to 3.54 
A3 dalton-'- for the 116 protein crys- 
tals he considered. For n - 9 and 12, 
VAI of form I falls within this range, 
whereas for n - 6 it lies slightly out- 
side the range (Table 1). In view of 
this, we redetermined n for form I by 
the following two methods. 
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Fig. 2. The c-projections of the space lat- 
tices for forms I and III. Note that the 
a-axes of the two lattices make an angle 
of 30? with one another, and that a for 
form I is X/ times a for form III. 

The "method of multiple crystal 
forms" uses the known value of n in 
one crystal form, along with relative cell 
volumes and densities, to place limita- 
tions on n in a second form. In apply- 
ing the method to form I, we note that 
form I is more dense than form III, 
but its volume is not quite three times 
that of form III (Table 1). Since the 
protein is more dense than the liquid 
of crystallization, and since the density 
of the liquid of crystallization is pre- 
sumably the same in both forms, the 
greater density of form I can be 
achieved only by an increase in the 
number of molecules per cell by a 
factor of 3 or more. Thus, n must be 
at least nine in form I. A similar com- 
parison of forms I and II restricts n in 
form I to fewer than 12. Thus, n = 
9 in form I. 

In the "crystal-volume and protein- 
content method" one determines the 
mass of protein, m, in a large crystal 
of known volume, v. The volume of a 
large crystal of regular habit is measured 
under the microscope, as in the method 
of Low and Richards (8). The mass of 
protein is found by dissolving the crys- 
tal in a known amount of water and 
then by applying the Lowry method 1(9) 
or by measuring the optical density at 
280 or 230 nm (10). Then n is given 
by: 

mNV 
n- M (2) 

We applied this method to form I and 
found n = 8.5 ? 1, based on an aver- 
age of 13 determinations. In obtaining 
averages of the results of separate den 
terminations, we applied a weight pro- 
portional to the crystal volume because 
as any dimension becomes less than 0.4 
mm the probable error in v increases 
rapidly. It should be noted that this 
method avoids the assumptions about 

residual water and salt that are intro- 
duced with the usual gravimetric 
method. The present method can be 
applied whenever large crystals with 
regular habits are available. 

Our conclusion that n = 9 is rein- 
forced by the determination reported 
by Eagles et al. (3) of the weight frac- 
tion of protein, Xp, in form I crystals. 
They weighed crystals first when wet 
and then when air-dried and, after they 
corrected for the probable mass of re- 
maining water and salt, arrived at a 
value of 48.5 percent for Xp. When 
this value is inserted into Eq. 1 along 
with our observed cell dimensions and 
a molecular mass of 160,000 daltons, 
n is calculated to be 9.0. 

Nine molecules can be packed in a 
cell of space group P6222 only if three 
are each positioned at the intersection 
of three twofold axes and if the six 
others lie on twofold axes [for example, 
three on special positions a of (11) and 
(6) on special positions i]. Thus, the 
form I crystals, like the form III crys- 
tals, show that the aldolase molecule 
has 222 symmetry (although because 
the diffraction pattern of form I extends 
less far out into reciprocal space, this 
information on symmetry applies only 
at very low resolution). 

The similarity, noted above, of the 
spot intensities of the hkiO sections of 
the diffraction patterns of forms I and 
III (Fig. 1) can be interpreted in terms 
of a unit cell for -form I that contains 
three times the number of molecules in 
a unit cell of form III. Three molecules 
would be associated with each lattice 
point of the unit cell of the form III 
crystal (Fig. 2). Also shown in Fig. 2 is 
the outline of a cell having all the ob- 
served characteristics of the form I 
crystals: the a axial length of this cell 
is N/ 3 times that of the form III cell, 
and it contains nine molecules rather 
than three. Moreover, the molecules as- 
sociated with the lattice points of this 
larger cell would have the same orienta- 
tions as molecules in the cell of the form 
III crystals. Thus, the transforms of the 
projections would be expected to show 
similar spot intensities, although the a*- 
axes of the two reciprocal cells would 
be at 300 to one another. This is ex- 
actly what is observed in Fig. 1. 
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Chromatid Breakage: Cytosine Arabinoside-Induced 

Lesions Inhibited by Ultraviolet Irradiation 

Abstract. Exposure to ultraviolet light can reduce the frequency of chromatid 
breaks induced by cytosine arabinoside in the DNA synthetic and post-DNA syn- 
thetic phases of the cell cycle. This effect can be correlated temporally with a 
decrease in the uptake of tritiated thymidine after ultraviolet treatment, implying 
that the genesis of such breakage is intimately related to DNA synthesis and 
that such synthesis is not confined to the DNA synthetic phase. 

Cytosine arabinoside (ara-C) inhibits 
DNA synthesis. The drug prevents the 
reduction of cytidine diphosphate (1), 
interferes with DNA polymerase (2), 
and produces fraudulent macromolecules 
by incorporation into DNA and RNA 
polynucleo!tides (3). In cultures of 
hamster fibroblasts, ara-C produces 
chromatid breaks in the pre- (G1) 
and post-DNA synthetic (G2O) phases 
of the cell cycle as well as during the 
DNA synthetic (S) phase (4). De- 
oxycytidine prevents chromatid break- 
age when added simultaneously with 
ara-C and decreases the number of 

breaks when added after a 30-minute 
pulse of the drug in the S phase but not 
in the G1 or G2 phase (4). Since ultra- 
violet irradiation produces chromatid 
breakage (5), exposure to both ultra- 
violet and ara-C would be expected to 
increase the frequency of chromatid 
aberrations. In contrast to these expec- 
tations, exposure to ultraviolet light 
prior to ara-C treatment markedly de- 
creased the number of chromatid 
breaks. 

Asynchronous cultures of hamster fi- 
broblasts, Don-C (Ta, generation time, 
13 hours; G1 phase, 3.9 hours; S phase, 

Table 1. Effect of ultraviolet light on cells treated with ara-C (10 gg/ml, 30 minutes). 

Ara-C Ultraviolet Percentage of metaphases with N breaks per cell 
(Ag/ml) (erg/mm2) 0 1 to 4 4 to 9 10+ 

G2 phase 
None None 94 6 0 0 
10 None 44 50 4 2 
10 3 62 38 0 0 
10 9 74 24 2 0 
None 9 92 8 0 0 

S phase 
None None 96 4 0 0 
10 None 56 40 0 4 
10 3 76 22 2 0 
10 9 84 16 0 0 
10 9* 60 34 0 6 
None 9 98 2 0 0 
* Ultraviolet irradiation after 30 minutes' exposure to ara-C. All other exposures were just prior to 
ara-C treatment. 
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6.2 hours; G2 phase, 2.2 hours; and 
mitosis, 0.7 hour), growing in mono- 
layers (6) were treated with ultraviolet 
irradiation (2537 A), 3 and 9 erg/ 
mm2, after removal of media. Immedi- 
ately thereafter, except as otherwise in- 
dicated, replicate cultures were exposed 
to ara-C (10 ,ug/ml) for 30 minutes 2.5 
hours (Go) and 4.5 hours (S) prior to 
harvest. After drug exposure, the cul- 
tures were washed three times with 
Hanks solution, fresh media not con- 
taining the drug were added, and incu- 
bation was resumed. The cultures were 
treated with colcemid (0.06 ,ug/ml) 1 
hour prior to harvest to collect meta- 
phases. Sodium citrate (0.95 percent) 
was added for 30 minutes, the cells 
were removed with a rubber policeman, 
and chromosome preparations were 
made as previously described (4). The 
cells were stained with aceto-orcein. 
Fifty metaphase cells were counted to 
estimate chromatid breakage. In this 
study, chromatid gaps with separations 
at least the width of a chromatid were 
considered "breaks." Only lesions which 
completely dissected the chromatids 
were counted. 

The results of these experiments are 
shown in Table 1. Treatment with ara- 
C in the G2 phase (2.5 hours) caused 
chromatid breaks in 56 percent of the 
metaphases. The frequency of breakage 
was decreased to 38 and 26 percent 
when the cells were exposed to 3 and 9 
erg/mm2, respectively, prior to ara-C 
treatment. Ultraviolet irradiation (9 
erg/mm2) did not by itself produce an 
incl ease in chromatid breaks. Treatment 
with ara-C in the late S phase (4.5 
hours) produced breakage in 44 percent 
of metaphases. The frequency of meta- 
phases containing breaks was reduced 
to 24 percent by ultraviolet irradiation 
with 3 erg/mm2 and to 16 percent with 
9 erg/mm2 (P < .05). If the ultravio- 
let irradiation was added after the 30- 
minute ara-C exposure in the S phase, 
the number of chromatid lesions was 
the same as seen after a 30-minute 
ara-C exposure without ultraviolet ir- 
radiation, indicating 'that ultraviolet 
light must precede ara-C to interfere 
with chromatid breaks. 

The effect of ultraviolet light was also 
studied after treatment of the cells in 
the G2 and late S phases with 10 [tg of 
drug per milliliter for 1.5 hours (Table 
2). In the absence of ultraviolet irradia- 
tion, 74 percent of the metaphases had 
chromatid breaks in the G2 and 70 
percent in the S phase. When the cells 
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