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THERMAL INACTIVATION OF VIFUJELS

REPORT 1, THE RELATIONSHIP BETWEEN THE RATE OF INACTIVATION AND TEMPERATURE
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D I Ivanovskiy Virological Ihstitute (Institut virusologii)

May 21, 1969

The speed and dynamics of the inactivation of virus at various temperatures
depends on multiple factors. Basic among them are tho nature and structure of the
viruses, their genetic peculiaritiesp the state of the medium in which the viral
molecules are suspended, and the neriod and conditions of the proservation of vi-
ral preparations. However, enough '.table characterit;tics inherent to each type of
virus oxist to determine the thermodynamic process for inactivating the virus. As
the results of the study of various viruses showed, the mechanism of their thermal
inactivation at high and low temperatures substantially differs (5,6,16,33), re-
quiring, obviously, completely different methods of stabilizing viral preparations
in relation to the level of bemperature acting on them.

We tried to determine some principles of the inactivation of RNA-containin
viruses under various conditions using Venezuelan Equine Encephalomyclitis (V'),
Sindbis (SV), and Vesicular Stomatitis (VSV) virusus. By basig functional tests
the dynamics of change in infective activity of viruses were determined. Report
No I gives an account of the results of investigating the constants of the rate ofinactivation at various temperatures, as well as data on some thermodynamic char-acteristics describing the process of loss of Jrnfective activity by viruses.

Materials and Methods

VES, SV, and VSV (Indian strain) viruses were received from the Museum of Viral
Strains of the D I Ivanovskly Institute of Virology, AMN SSSR and placed in cultures
of fibroblasts of chicken embryos (FEK). All three viruses were grown in medium No
199 with a 2% heated bull serum component,

Initially trypsinized FEK was prepared by the usual method.1

Viral infectivity was det~er by plaque titration under agar overlay accor-
ding to Porterfild or Dalbekko. '2' Cultivation of the cells and inclation of
plaque forming systoia was conducted in an atmosphere containing 5% CO02 Hemagglu-
tinating activity of VER and. SV vir_ es was determined according to the earlier
described method of Klark and Iazals.

As a rule, the viruses were heated suspended in a storage medium. The viruses
were titrated immediately after being heated through.

The influence of the temperature gradient on VFZE and 8V viruses. In dia i the
results of heating SV and YEE viruses for 20 minutes at temperatures from 200 to 700
are set dowm, Each point was determined by the average of two parallel experiments.
The interval of temperature from 500 to 600 was shown to be critical for the viruses
studied. In the interval from 200 to 500 an increased variety of viral titers was
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noted, with each 100 rise resulting in a 0,1 Ig for SV and a 0.3 Ig for VEE; after
500 each 20 increase in temperature resulted in furthur inactiyatLon in the medium
of 1.5 to 2 1g. Heating for 20 minutes at 700 completely inactivated the infecti-

vity of both viruses.

The break at the 500 point on the curve indicating change in VE& and SV infectivity
in relation to temperature affirms, in all probability, the existence of various

. ..... .orz: •i. 1,-autiviiy oZ nhe stuaied viiuses at temperatures above
and below 500.
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Dia 1. Changes in infectivity of VM (1) and Sindbis (2) viruses
during heating for 20 minutes at various temperatures. Along the
y-axis - activity of the virus in Ig ECOimll along the x-rxis
temperature in de•gres. ,

For more detailed study of these processes a speeial series of experiments
was set up.

Deter-' nation of enthalay and entropy of heat inactivation of virusea. Virusas
were incu'L 4d at temperatures fro% •,0 to 560 and identified after a suitable inter-
val of time with the goal of obtaining more detailed data for authentic determination
of the fine dynamics of inactivation. The speed constant of inactivation was calcu-
lated according to the formula

kin" - 2.303 log C/Co

with kin the speed constant of viral inactivation, C - activity of virus on expiration
of time and incubation, Co - activity of virus before incubation.

Dia 2 represents the Arrhenius equation of the logarithm of the speed gonstant of
inactivation (Ig kin) of VEE virus from the inverse absolute temperature ( Two
components were computed, intorsecting at 400 and 420 and having various anlles of in-
clination that represent various mechanisms influencing the loss of infectivity of VSS
virus during high and low temperatures, Analogous results were obtained for Sindbis
virus (see dia 2 b), In dim 2 b changes in the value of the logarithm of the constant
of speed of inactivation of VYV virus in the temperature range frao 450 to 60 ax
shown,
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Dia 2. Graphic relationship between the logarithmic constant
of inactivation from inverse absolute tomperatuxe for (a) VEZ,
(b) Sindbis, and (a) Vesicular Stomatitis.

According to Eyring's formula17 i

kr AS AH
inkLn-in-- + - - -h R m•'

with kin the 9onstant of speed of viral inactivation; k - constant of Boltsman
(1.380 x 101 erg/degree)l h - Plank constant (6,625 x 10-27 erg/second)l T -

absolute temperaturel R - gas constant (1,987 calories/degree x mole); lH -
enthalpy of activation! &S - entropy of activation determinod for VES virus;
enthalpy and entropy of activation of the process of thermoinactivation, re-
sulting from the two components of Arrhenius' equation. For VEM virus the
sloping component is characterized by the value of 6Hnk - 26,000 cal/molu and
ASnk - 3.98 UE (units of entropy), and the steep high temperature component
aHpr - 75,800 cal/mole and ASpr - 162.8 UE, For Sindbis viru4sAH high and low
temperature areas of the graph are dependent on the logarithmic constant of the
speed of inactivation from the inverse absolute temperature, consisting of
78,000 and 20,000 cal/mole. Enthalpy of inactivation (AH) of the vosicular
stomatitis virus within the 450 to 560 range was determined to be about 81,000
cal/mole.

Dia 3 represents the dynamics of thermal inactivation of VEO virus at 520,
The initial period of slow inactivation of vival infectivity accompanied by
gradual lowering of the hemagglutinating activity Is clearly expressed. This
period lasts 30 to 35 minutes and alternates with a phase of sharply accelerated
inactivation. Hemagglutins in this period were not identified.

The described viral inactivation rates fluctuate in dependence on temperature,
to whose influence the virus is subjected, the period of its storage, the state of
the medium, the viiral molecules present, and other conditions. From 370 to 380
accelerated inactivation usually is not apparent; it can be detected only after
24 to 36 hours of incubation, With raised temperature the (initial) heating
stage of accelerated inactivation come earlier and earlier, while at 5 6P 5 80- it
does not become fundamental to the dynamics of thermal inactivation of VEM virus.
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Dia 3. Dynamics of inactivation of VOU' virus at 520.

Separate determination of the constant of sýeed of inactivation for the des-
cribed parts of the VEE virus inactivation curve gave two rows of different indica-
tions. The significance of ig kin in this case lies in the course of earlier deter-
minations (see dia 2 a) of components of Arrhenius' equation, completing the picture
o. croassoer (di" 4 a). The value of 1i kin for the periods of slow inactivation ol"
virus remained a sloping, low temperature component of the graphp but for the periods
o0 accelerated inactivation there was an abruptp high temperature component of the
graph with ig kin dependent on T.
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Dia 4. Graph dependence of logarithm of constant of inactivation
on inverse absolute temperature.

Arrhenius' equations a. determined separately for (1) protein and
(2) nucleic types of thermal inactivation of Vm• virus; b, for the
process of thermal inactivation of Vesicular Stomatitis virus de-
termined (I) experimentally and (2) acco.ing to data on the time
of polyinactivation according to Galasen. 3

The stabilizing influence of the Ma2 cation. To viruses suspended in a storage
medium we added equal volumes of 25% solution of magnesium sulfate or physiological
solution. Then we maintained viral suspension at various temperatures titrating the
virus immediately after the end of heating.

Dia 5 apbgc represents the influence of magnesium sulfate on the thermal stability
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of viruses at 500. The greatest stabilizing effrct wa, on VLV, the least on VM.
There hao been ilitcrest i~n the fact that stabilizing action of magnesium sulfate
appears at tem~peratures above 370 and concerns periods, of accelerating viral In-

activity which are described by characteristic high temperature components of
Arrhenius' equation. More detailed peculiarities of influence of various factors
on the durability of viruses under such conditions will be seen In another reports

Discussion

Zxistence of two types of inactivation - low tompor-uu:ia oharactorizcd by
lower enthalpy and entropy of activation values and high temperature for which the
values were several times greater - has been noted by various authors for a variety
of viruses according to their nature. Data on these inventigations presented in
Table I show that the presence of two principle types of heat inactivation are gen-
eral for viruses, reflecting their nueleoprotein nature.

TABLE i

THE R!ODYAIOC MR0CTERISTICS OF HEAT INACTIVATION Or ý0X VIRUSES
Virus AHpr (in cal/ 6 r (in AHnic (111 ASk (in tomp (in bibliographic

mole). G al/mold) JU.L degrees) referelkoc
crossover

Phage
Ti 95 207 23
T2 72 139 23
T3 105 246 23
T4 131 4
T5 73.2 169 20
T7 77 4
Mi 76 165 12
11 87 195 12

1,4136 347 12
Streptophage 76 165 9
Stafilophage 137 8
VTN 192 459 19 -20 25
R'NA-VTM 19-13.5 -11-z6 14
Polio virus 244 689 28 7 44 33
Coxsackie 200 26
Foot and. Mouth 116-175 291-.60 30-45 23-33 42-53 5

120.6 27.2 43 6
Rhinovirus 100 242 19 -18 39 33
Adenoviruz 50 15
Vaccines 14 37 27
Cytomegali 55.7-92.4 I2.5-13.5 30-37 32
Respiratory-

syncytial 4 -68 16
Se•mliki 11- 5 37.5 19
& or. 70 18 -30 7
Rouz sarcoma 77.9 19.9 45 10
V& 75.8 162.8 26 3.98 40-42 Author's

data
Sindbin 78 20
Influenza
A-henagglutins 170 450 30
B-hemagglutins 340 950
NDV-hemagglutins 125 300
'DV virus 125 300 29 30 31
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Dependence of enthalpy and entropy of high tompcratirre in;ctivation
of DNA-containing viruses on molccular weight o.f' DIIA

Me1l wt Mol wt of
of virus x ±o6 viral DNA x 106 AHlp (in A&;pr

Viru.s Dalton Dalton cal/mro/lc) (in UE)
T3 35-49 105 246
'W'i 45 9j 207
T5 145 80 73.2 169
T2 250 120-130 72 139

TABE 3
Energy of activation of thermal inactivation of lyophil viruses

4H (in Cal/ AS (in Bibliographic
Virus mole) • Reference
FAG Ti 27.5 22
FAG T3 19.1
FAG T7 12.7
Polio 28.8 21 18

20.8 -10

Analyzed systematically, the material in Table I can be divided into two
viral groups. In the first group are DNA-containing viruses for which a fairly
clear inverse proportional relationship vetween AHpr and ASpr on one siee and the
molecular weight of the virus and the viral DNA on the othei (Table 2) develops.
The second group consists of viruses characterized by relatively high values for
AH and ,S,

The remaining viruses have various values of enthalpy and entropy of activation
and systematizing them according to this indication is especially difficult. It is
interesting to note that if the relationship AHpr/4Spr consists of 2-2.5, then the
relationship between Hnk and Snk is aore complex, but as is evident from Table 1,a straight proportional dependence is rather durably preserved. During determination
of the energy of activation of lyaphilic preparations of viruses, the low value of
AH and•S even with the temperature around 70o to 900 (Table 3) was discovered.

Sharp change in speed and character of VEE and Sindbis viruses inactivationat temperatures over 500 is noteworthy in regard to temperature characteristics
for the beginning of heat denaturi, of protein. Values of AHpr and ASpr fully
supported this hypothesis, Dimmokl) showed with a serological reaction that duringhigh temperature inactivation of polio and rhinovirus the structures of their pro-
tein coatings are disturbed.

If on breaking one hydrogen bond 5000 cal/mole of energy of activation and 12
enthalpic units28 are required, then it can be shown with sufficiently good conformity
that, using the values we extraoted, AHpr and Spr agree and demonstrate that the
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derk.turing of VEE protein molecules is implemented by breaking 14 to 15 hydrogen
bonds.

The maximum AHnk and ASnk values Ior low temperature inactivation of VEE and
Sindbis viruses allows one to determine thrat loss of Infectivity In this case oomes

from viral RNA destruction. This emphtsizes the results of Ginov and associates1 4

In the development of laws of thermal Inactivation of nucleic acid.

Concurring data was obtained for several other viruses.5,10,33 A break in the
graph dependence of 1g kin opll)shows the level of timperature at which the influence Iof a given mechanism of inactivation becomes dominant. Dia 4 a shows that for VEE

virus at 600 - the temperature of separation of Infective nucleic acid - the speed of
inactivation of RNA will be 100 times lower than the speed of denaturing of virus
proteins.

The level of transfer of th% high and low energy components of Arrhenius'
equation is determined by various c"nditions, important among them being the state
of the medium in which the virus is suý;pended, as well ps properties of viral mole-
cules. In one paper5 data on thermal inactivation of various strains of foot and
mouth disease is presented. With increased thermal stability of this strain,
transfer from nu.leic to protein type of inactivation occurs at ever high tempera-
tures, with this strain attaining the greatest s-ability at 53? During heating
to 450 - 560 of the strain of Vesicular Stomatitis virus we studied, the energy
of autlvation mas about 80,000 cal/mole, that is, characteristic protein type in-
activation; at the same time the value of poluinacW. id.Lijn of the vlruzi was com-
puted, accozding to Galassoi3, with the result that the energy of activation was
found to be, in the range from 40 to 560, About 36,4OC cal/mole, a more naturally
nuclear type of inactivation (see Dia 4 b). The described divergence is explained,
in all probability, by the variety of virus strains used.

49 60/ai g 6/114/1
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Dia 5. The stabilizing influence of 14g2+ on the thermal Inactivation
of a, VEM, b. Sindbie ard oa Vesioular Stomatitis viruses.

1 - controll 2 - inactivation in the presence of a I 1 solution of W04
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"if" 9 rc•!. a ceauthr 2 9 noporbid 
t~t a 1 H :•oliiiton of xnagnoýium sul-&te did not raiso the durability of vesicular stounatiti.r; an1, .;Hn(dbis viruses at500, tlIt it was a mistake explained by a -eries of circwul Lances. The ruesults ofour ilve-Stijation show that nagnesium sulfatn rcr;uit In a :Atabilizing influence onstudied vir-es during heating at 500, Howover, the otibiliz;.n effect is relatedonly to the protoin type of inactivation, which for theo-e vlrunes does not alwaysapncar fron the first minute of heating. Data prosenntd in Dia 5 show the presence ofthe bcginnanc period, most apparent with VENi virus (eoo Dia 3), during which inacti-vation is .nredomln .1,n.... 'An- .-r i oiution of maaneoiuaj sulfate hasno influence. This is emphasized by the rasults of the study of the influence ofmagnesium sulfate at low temperatures, Titers of VEI and SV viruses stord a loiti*..e in tho prrexeue of magnesium at 40 did not differ from the control.

According to Klourayt and Parkezj,'I American swine fever virus at 40 remainedstable for months in a medium free of Ca2+ and Mg ions, which, in this way, showedno substantial influence over the nuclear type of viral inactivation,
It can be surmised that Mg2+ ionso creating lengthened valent bonds, increasethe stability of protein molecular coatings of vlruses, raising, in this way, theirthermal stability.

Opinion differs on the question of the influence ofA H and /I on viruses. Oneinvestigator considered that the state of the medium and pecularities of strains ofviruses influence the level of disposition of high and low temperature components on thegraph of Arehenius' equation anl the texperature, during which transfer occurs, not".t3eitially changing the slope of the l1nef that it, the energy value of activation.5019Others think that the energy value of aoivation can change within wYe limits, inparticular for polio and rhino viruses under the infli'ence of PgCI2*
Results of the detailed investig atiun of the laws of viral inactivation atvarious tonperatures permit substantial conclusions concerning the facto=- determiningpreservation or loss of the infective state of viral particles, on the mechanisms ofthermal stability of viral preparations, as well as on change in structure of theorganization of virions in the thermal inactivation process. Determination of thermaldynamic laws and parameters is absolutely necessary during the study of materialsand conditions influencing the thermal quality of viruses. Efficient Investigationsin this area hold the posiubility, of seleoti, breeding of stabilising factors on thebasis of precise oharaoteistios,b
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