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The molecular weights of lyophilized and non-lyophilized horse liver alcohol dehydrogenase have been compared by 
quasi-elastic light scattering, and ultracentrifugation. Whereas the non-lyophilized enzyme has the expected molecular 
weight of 78 000, the lyophihzed enzyme has an initial molecular weight of about lo6 which increases with time by an 
endothermic process. This result shows that any physical measurement using lyophilized liver alcohol dehydrogenase to 
investigate the enzyme mechanism, which relies upon the molecular size, will be invalid. 

1. Introduction 

Horse liver alcohol dehydrogenase (ADH) has a 
broad substrate specificity which includes a large num- 
ber of aliphatic and aromatic alcohols and their corre- 
sponding aldehydes [l] _ The functional enzyme has a 
molecular weight of 78 000, and is composed of two 
identical subunits [2,3] _ Details concerning the three- 
dimensional structure and kinetic properties have been 
recently reviewed [4]. Commercial preparations of the 
enzyme are available either as crystalline suspensions 
in buffer with alcohol present, or as a dry, essentially 
alcohol-free, lyophilized powder. 

The thermodynamics of binding of oxidized and 
reduced nicotinamide adenine dinucleotides (NAlS 
and NAIXI, respectively) have been studied using both 
kinds of enzyme preparations [5,6]. The results are 
essentially the same. For both enzyme preparations 
the coenzyme binding is predominantly entropy-drive. 

Fernandez et al. [7] used lyophilization to prepare 
alcohol-free ADH and found 50-70% of the original 
enzymatic activity after this procedure_ They also re- 

ferred to unpublished data which indicated that neither 
the kinetic parameters nor apparent mechanism of the 
alcohol-free enzyme corresponded to that of the alco- 
hol-containing enzyme. Indeed, we have observed that 
solutions of lyophilized ADH do not keep well com- 
pared with those prepared from the alcohol-containing 
protein; refrigerated samples of the alcohol-free enzyme 
tend to become opaque within a week’s time whereas 
samples of the unlyophilized enzyme will remain as 
clear solutions for several weeks. These factors led us 
to examine the hydrodynamic properties of the alco- 
hol-free and alcohol-containing enzymes by quad- 
elastic light scattering (QLS) and ultra centrifugation. 
As described in this paper, the behavior of these two 
preparations is remarkably different_ Lyophilization 
of ADH induces a large increase in the rate of self-asso- 
ciation_ In addition, since the rate of self-association 
increases with increased temperature, we conclude that 
this process is endothermic_ 
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2. Experimental section 

2.1. Materials 

Horse liver alcohol dehydrogenase was obtained 
from Sigma Chemical Company (lot 116C-8090) as a 
1X crystallized and lyophilized material, and from 
Boehringer Mannheim (lots 15 16242,13 18508) as a 
crystallized suspension in 10% ethanol buffered at 
pH 7 with 0.02 M K,P04. NAD+ was purchased from 
the same sources. Other chemicals were reagent grade. 

2-L Enzyme preparation 

The lyophilized and non-lyophilized preparations 
were exhaustively dialyzed at an enzyme concentra- 
tion of 10 mg/ml in a 0.1 M KxPO, buffer. Depend- 
ing upon the experiment, the pH was adjusted with 
KOH in the range from 6.5 to 8.5. In some cases, the 
dissolved lyophilized enzyme was incubated with 
NAD+ for 24 hours before dialysis_ The coenzyme 
concentration was five-fold the maximum possible 
number of sites, estimated from the dry weight of the 
enzyme. After dialysis, these samples were treated 
with activated charcoal to remove any bound nucleo- 
tides [6]. Finally, all samples were centrifuged in a 
Beckman Model L for one hour at 30 000 rpm and 
4”C, using a type 65 rotor. For QLS analysis, samples 
were also filtered through 0.2 P Millipore filters, which 
had been previously freed of detergent by heating in 
distilled water. The enzyme activity was obtained by 
the metho.d of Dalziel [8], and one Sigma sample was 
examined for heterogeneity by sodium dodecyl sulfate 
(SDS) gel electrophoresis [9] _ 

2.3. Quasi-elastic light scatteii?zg 

QLS is a relatively new spectroscopic tool which 
measures the correlation function of coherently scat- 
tered light. For a monodisperse solution of macromol- 
ecules, the correlation function is a single exponential 
whose characteristic decay time r, is related to the 
macromolecular diffusion coefficient, D, by the equa- 
tion 

r-1 = 2DK’ , 

where ]K] = (4&X) sin(6/2) is the scattering vector, 
h is *he wavelength of incident radiation, n the index 

of refraction of the solution, and B is the scattering 
angle. The D measured by QLS is weighed by the 
amount of light, Ii, scattered by a particular species, i, 

and, neglecting concentration effects, is simply 

D = C CiMiOi/ C ciMi ~ D, ~ 
i i 

where ci and Mi are the respective concentration and 
molecular weight of each species. Thus for a polydis- 
perse solution, r yields a Z-averaged diffusion constant 
II,_ The diffusion coefficients reported here are ad- 
justed to 20°C and pure water (D20,w)_ 

The QLS configuration used a Spectra-Physics 
He-Ne laser in conjunction with a Chen-type clipped 
correlator. The 256-points of the correlation function 
were forced-fitted to a three-parameter single exponen- 
tial by a DEC PDP-12 minicomputer. Further details 
on QLS may be found in the literature [ 10, 1 l] . 

2-4. Ultracentrifgatiorz 

Sedimentation velocity experiments were per- 
formed on a Beckman Model E ultracentrifuge using 
an ultraviolet absorption optical system, and the data 
were analyzed as described by Teller [ 12]_ The sedi- 
mentation coefficients were adjusted to 20°C and 
pure water (s~u,~) _ h l- t f m t e imi 0 zero enzyme concen- 
tration according to Ehrenbeg and Dalziel [2] _ 

2.5. Molecular weight cakuIations 

The Z-average diffusion coefficient from QLS may 
be combined with the weight-average sedimentation 
coefficient to obtain the weight-average molecular 
weight, M,,, by the Svedberg-Einstein relation. Ne- 
glecting concentration effects, 

&‘RT (Zicis~ / ~ici)RT 

D,(l - 17p) = (IZiciMiDi/~icjMj)(l - VP) ’ 

where Uis the partial specific volume (0.75 ml/g for 
ADH), p is the solution density, so is the weight-aver- 
age sedimentation coefficient, and 
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thus 

soI? TlB,( I- i?p) = M, _ 

3. Results and discussion 

3.1. Aggregation and iyopkiiizarion 

Samples prepared from Sigma Chemical Co.‘s 
lyophilized enzyme exhibited a strong tendency to 
aggregate. The aggregation proceeded regardless of 
pH from 6.5 to 9.0 and ionic strengths from 0.01 to 
0.1 M K,POa. Addition of 10m4 M dithiotheritol did 
not inhibit the process. The use of activated charcoal 
to remove any dinucleotide did not affect the enzyme_ 
Control samples prepared without charcoal treatment 
behaved in the same fashion. 

At room temperature (22°C) the initial diffusion 
coefficient of lyophilized ADH was approximately 
1.5 X lo-? cm*/s, and decreased monotonically by 
50% in the interval of several days. Visual inspection 
showed an accompanying opacity of the enzyme solu- 
tion with a final falling out of a white precipitate_ 
Even with refrigeration this aggregation process oc- 
curred, although at a much slower rate. Ultracentrifuge 
measurements at 4°C gave a sedimentation coefficient 
of S-1 S with an approximate 25% loss of material. 
The fast sedimenting portion was estimated to have a 
sedimentation coefficient of 19 S. By contrast, the 
non-lyophilized enzyme after exhaustive dialysis had 
a diffusion coefficient of D20 w = 6.2 X 10m7 cm*/s 
and a sedimentation coefficient of szo w = 5.1 S. The 
diffusion coefficient was constant, e&n at room tem- 
perature, over a period of 24 hours. From the above 
data we obtained an initial weight-average molecular 
weight of 78 000 for the non-lyophilized enzyme and 
roughly 1.2 X 1 O6 for the lyophilized preparations. 

We examined the possibility that some contamina- 
ting protease present in the sample might be damaging 
the lyophilized enzyme during the dialysis. Smailer 
molecular weight material would be present as a result, 
and the nicks in the functional enzyme could be suit- 
able sites for self-association. Examination of the sam- 
ple by SDS gel electrophoresis showed several bands 
of smaller than 40 000 molecular weight polypeptide 
chains representing less than 5% of the total protein. 
However, there was no change in the amount of this 

material from the beginning of the preparation proce- 
dure to the time of making the physical measurements 
-typically five to six days. The presence of light ma- 
terial in ADH preparations has been previously noted 
by Dalziel [ 13]_ 

3.2. Lyophilization and enzymatic activity 

The enzymatic activity, as measured by the meth- 
od of Dalziel [8], showed that during storage after 
dialysis, the number of active sites decreased much 
more rapidly in lyophilized ADH than in ADH which 
had not been previously lyophilized. The alcohol-pre- 
cipitated enzyme maintained a fairly constant activity, 
kept at 4°C for several weeks in pH 7.4 buffer. In gen- 
eral, the lyophilized enzyme was less active than the 
alcohol-precipitated enzyme, whether or not it was 
treated with charcoal. 

4. Conclusions 

Bonnichsen [ 141, in his early work (1950) on puri- 
fication and isolation of horse liver ADH cautioned, 
without further comment, that drying destroys the 
enzyme. Our data, especially the QLS studies, agree 
that the enzyme is altered by lyophilization. We have 
shown that a fundamental physical difference between 
the two kinds of preparations is the high molectilar 
weight of the lyophilized protein: it is not 78 000 but 
much larger, with an initial molecular weight of about 
1.2 x 106. 

This tendency of lyophilized ADH to aggregate 
would not normally have been suspected in freshly 
prepared solutions, since fresh samples do not visually 
scatter an abnormal amount of light. Also, sedimenta- 
tion velocity measurement by itself may not reveal the 
self-association problem, because the high molecular 
weight aggregates are sedimented down very rapidly. 
Since large particles dominate the intensity of scat- 
tered light, QSS enabled us to detect the large, associ- 
ated ADH colloids. However, if one ingenuously com- 
bined the diffusion value from QLS with the ‘slow” 
(buik) sedimentation coefficient in the Svedberg- 

-Einstein equation, the resulting molecular weight 
would be about four times smalier than the molecular 
weight estimated from using the QLS diffusion coeffr- 
cient of the lyophilized ADH with the “fast” (aggregate) 
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sedimentation vahre. Sedimentation velocity separated 
the aggregated species from the bulk enzyme (78 000) 
and most easily measured the latter, whereas QLS 
measured everything_ In fact, the underestimated mo- 
lecular weight has no meaning since it was the result 
of combining a measurement of a solution with both- 
aggregates and “monomers” with a measurement of a 
solution containing only “monomers”. Thus, it is un- 
feasible to use the Svedberg-Einstein equation for sys- 
tems that aggregate to a high degree of polymerization_ 

The molecular weight of the aggregates may be es- 
timated from a QLS measurement of the aggregated 
system along with the “fast” sedimentation value of 
the large particles keeping three reservations in mind: 
1) The “fast” sedimentation coefficient is only an es- 
timate. 2) The distribution of bulk versus aggregates 
are still different for the two physical methods. 3) No 

extrapolation to zero concentration of s is possible for 
the aggregates. 

From the thermodynamic binding studies [5,6] it 
appears that the endothermic process responsible for 
self-association does not affect the interaction with 
NAD+ or NADH_ Our activity studies indicate that 
the aggregation reduces the total number of active 
sites. It is not clear whether the decrease in activity is 
due to denaturation or to masking of binding sites. 
At the present time, we do not understand why lyo- 
philization alters the enzyme. The fact that the self- 
association is endothermic is consistent with a hydro- 
phobic interaction_ It is’possible that a tightly bound 
contaminant is adsorbed during lyophilization, or that 
the drying causes an irreversible change in some por- 
tion of the tertiary structure. This change may expose 
some hydrophobic groups which act as nucleation sites 
for the intermolecular association. Clearly, what is im- 

portant about our result with lyophihzed ADH is that 
any physical measurement used to investigate the en- 
zyme mechanism, which relies upon the molecular size, 
will be invalid. 
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