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Summary: A well defined labile isozvime, rabbit muscle M4 - lactate dehydrogenase
was denatured under freeze-thaw, heat and GuHCI treatment in the presence and absence
of proline, and the corresponding structural changes of the enzyme were monitored through
fluorescence and CD spectral studies. The data 1eveal that proline confers protection to the
structural integrity of the enzyme, thereby protecting its activity. This was attributed to
its property of forming hydrophilic colloids in agueons media with a hydrophohic backbone
interacting with protein. Unlike other osmolytes, proline is proposed to act on the enzyme
stability not only by inducing preferential hydration of proteins but also through the in-
teractions of its multimeric hydrophobic backbone with the solvent-accessible hydrophobic
regions of the enzyme. ¢ 198 Acsaensc press, 1nc.

There have been reports on the protection of enzyme activity, organelle systems and free
cells by proline from the deleterious effects of heat, pH, sall and chemicals (1-4). In all
these cases, a significani concentration dependent protection was observed against a range
of stressful conditions. It was reasoned that any proline indueced decrease in enzyme precip
itation would reflect a lessening of the thermodynamically unfavourable conditions leading
to precipitation, which in turn could result in enhanced stability of an enzyme to remain in
the solution (5 - 7). In aqueous solution, proline forms aggregates by a step-wise stacking
and hydrophobic interactions of the pyrrolidine ring, forming multimers which contain a hy-
drophobic backbone with hydrophilic groups on the surface (8). Thus, proline was proposed
to increase the solubility of sparingly soluble proteins by its hydrophobic interaction with
the hydrophobic surface residues of the protein. To our knowledge, however, there is no
experimental evidence for proline-protein interactions in the maintenance of structural and

functional integrity of any enzyme under different stress conditions. To this end, we provide
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here such an evidence by making use of a labile enzyme, M, lactate dehydrogenase and show
that proline confers protection to its structure and function under severe freeze-thaw, high
temperature and chemica denaturation. A possible mechanism involved is discussed.

Materials and Methods

Rabbit muscle L-lactate dehydrogenase-5(M4) isozyrne type VS (EC 1.1.1.27), proline,
hydroxy-proline, guanidinium hydrochloride, NADH, sodium pyruvate were purchased from
Sigma. All other chemicals used were of analytical grade and purchased localy.

Denaturation studies. The enzyme was denatured by three different methods, namely
freeze-thaw cycles, heat denaturation and chemical denaturation by GuHCl (0.5M). [.DH—
M, a a concentration of 60 pug/m! dissolved in 10 mM tris buffer (pH7.5) was frozen in
liquid nitrogen for 60 seconds and thawed a room temperature for five minutes. Such cycles
were repeated for a minimum of three times with or without proline. For a comparative
analysis of cryoprotection conferred by different osmolytes, enzyme at a concentration of 60
pg/mldissolved in 10 M tris buffer {(pll 7.5) was freeze-thawed, with different osmolytes
(IM each) added separately. Aliquotes were used for fluorescence measurements. For the
heat denaturation studies, the enzyme at a concentration of 15xg/ml was incubated at
different temperatures for 15 minutes with or without proline (1.0 M). These were left at
4°C for six hours. Aliquots were used for fluorescence measurements as well as enzyme
assays. GuHC! (0.5 M) was added to the enzyme at a concentration of 90 ug/mn! containing
different concentrations of proline and incubated for an hour at 27° C. Aliquots from the
above samples were taken for fluorescence studies and enzyme assay. The assay was followed
essentially as described by Tarniya et al., (1985) (9).

Fluorescence spectral studies. The intrinsic fluorescence of tryptophan was monitored to
record its contribution to the emission intensity of the enzyme at an excitation wave length
295 nm using Hitachi Spectrofluorimeter. The relative fluorescence and Acmissionmar WEr€
determined under different denaturing conditions in the presence and absence of proline and
certain other osmolytes have been recorded (Fig. 1 and 2). The fluorescence was recorded
at room temperature, with a band pass of 5 nrn.

Circular Dichroic spectral studies. ("l) spectra were recorded with Jasco 20 Spectropo-
larimeter at room temperature. Sample solutions contained enzyme (3.74 uM) dissolved in
10 mM tris buffer pH7.5The CD values were computed for molar dlipticities (6) using the
method of Rao and Kumar (1991) (10). Fach spectrum is an average of three scans. The
spectra could not be recorded in the presence of high concentrations of proline as it interferes
with the CD spectrum of enzyme at such concentrations. Therefore, the CD spectra were
recorded with 10 1M proline which was later corrected for its contribution to the CD signal
of the enzyme,

Results

centensities of the enzyme freeze-thawed with different osmolytes revealed

thao vetated A stabihizing effect on the enzyme’s structure in comparison with the
ot hyeer vocted (W 1), Proline-mediated cryoprotection of enzyme becomes evident
at A wteatiane as 10mM and appeared to saturate at 250 mM (Fig. 2a). Simi-
larty ' speratures, proline (1M) maintains both fluorescence intensity as well
as " 2). However, proline was found to be ineffective beyond 45°C.
Fur* I the protection of enzyme by proline under the denaturing influ-
enc * A Liwwn to dissociate the tetrameric form into inactive monomers
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(11,12). The results revealed that prolingin a concentration dependent manner, exhibited
a stabilizing effect on the fluorescence intensity of the enzyme. This was aso supported by
the enzyme activity study, wherein the structure and function of the tetrameric form was
evidently stabilized under the denaturing conditions of GuHCI (Fig. 2c).

The CD spectra of the native and proline-protected enzymes show typical characteristics
of aprotein with good helica content (Fig. 3). The native enzyme showed minimaat 212 nm
and 222 nm, while the proline protected enzyme, under freeze-thaw, showed a minimaat 210
and 225 nm. However, the freeze-thawed enzyme withont proline showed a single minimum
from 215 run to 224 nm indicating the disturbed secondary structure. The « helicity of the
proline-protected enzyme was found to be increased marginally when compared to the native
form. On the contrary, the freeze-thawed enzyme exhibited a decrease in » hdlicity.

Discussion

The stabilization Of native protein structure as a result of preferential hydration, induced
by certain osmolytes, has been reported previously (13-15). However, such an increase
in preferential hydration of a protein can not fully explain its stability under stress. For
instance, both proline and valine induce preferential hydration of lysozyme, although valine
is ineffective in conferring protection to the enzyme (16). Proline has been implicated in the
structural stabilization of a range of enzymes. Present study revea that proline is a better
protective agent of LDH — M, when compared to other tested amino acids and sugars.
This could be attributed to the formation of proline aggregates in aqueous media (8). Thus,
proline behaves like a hydrophilic colloid with a hydrophobic backbone thereby inducing
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is somewhat analogous to the chaperone function wherein a sinular kind of hyvdrophobic

interaction prevents the enzymes from denaturation (21).
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\hstract  Evidence is provided for the ability of proline. a
salinity induced osmoprotectant, to destabilize the double helin
and lower the T, of DNA in a concentration dependent manner.
At the reported salinity-adaptive bio-accumulation of T M and
ahove, proline could considerably decrease the T, and partially
counteract the effect of sodium chloride and spermidine on DNA
stability. On the contrary, several other amino acids tested did
not show any such destabilizing effect on DNA helis, Enhanced
susceptibility to S1 nuclease and insensitivity to DNase | in
presence of increasing  proline concentrations have further
suggested a clear destabilization of the double helisn, Such an
effect is somewhat reminiscent of the interaction between
betaine, another salinity induced osmolyte, and DNA resulting
in decreased Ty, values, These interactions may be significant in
view of the abundance of such osmolytes in cells under salinity
sress-adapted  conditions. with many a bacterial mutant
sccumulating them exhibiting improved tolerance to salinity.
© 1997 Federation of European Biochemical Socicties.

Levavards - Prohine: Betwme: DNA helin: 1, curves.
sahinity stress

I. Introduction

Proline and betaine are the two Known major osmoproted-
tnts which accumulate in plants, bacteri, algae und marnne
mvertebrates i response Lo an array of ahiotic stresses, most
prominent being the salimity stress |14 More often. this
weumulation s the result of an adaptive de novo svnthesis
imocells contributing o negor share among osmolytes |5 8]
Stich accumulations were found to reach up o 1T M ointernal
coticentration i certain halophytes and bacteria, accounting
tor as much as 10 200 of the dry waight [9 12) These two
wmolvtes were also reported as efhaent stabilizers of pro-
tins, lipid membranes. organclles and cells under severe stress
conditions without being inhibitory 1o cellular functions |13
9], Further, genetically engineered hvper-aecumulation o
prolime was reported o conter salimity tlerance i tobuaceo
seedlings under laboratory conditions [20). Many plant and
hucterial mutants accumulating proline and betaine have also
neen found to exhibit an imcereased tolerance 1o salinity stress
[12:2- 34

We have investigated the interaction of these osmolytes
with DNAL since themr access. even transiently, 10 DNA n

o under the stress adapted conditions can not be ruled
dut due 1o their abundance. In fact, betaine was proved re-
cently to considerably destabilize DNA [25]. We report here

al proline destabilizes DNA and partially counteracts the

“Corresponding author. Fax: (91) 40:301-0120
Eemail: anulsle wohyd.ernetan

cffect of sodium chlonde and spernudine on the stability of
the double helin within the adaptive io-accumulated coneen
trations, The present study mdicates o possible role ol these
osmolvtes i sihmy tleranee process by nepating the unde-
strable effect of NaCl on DNA stalility

2. Muterials and methods

F-Protme. hvdrosy prohine. plvome, alanme, valme, leacime, serine.
hetame, peplueose. sarcosime. call thymus DNAC Tos, BDYEAL Spernn
dines NaCh sparose and A phage DNA were porchased from Sigmia
(St L ows, MOCUSAL £ coli single strand DNA binding protem (ssh
protem ) and pbC I plasoid were procared Trom Bangalore Giene
(Bangalore, Indu DNase T owas procured Trome Bochrmger-Mann
hewn (NMannhenn, Germnny boand the ST noclease from Pharmiacia
(L ppsithi, Sweden AL other chenmcals were of analy tieal grade put
chased locally

YODN A michimge e

DNA melng studies were conduocted ma butler ¢F mly continming
[N Tres IO pED 7 Seand 2 N EDTA and the mdicined con
centrations of NaCTand additives ©all thymus DNACLO Lo in the
abose butlersowith or without the addites, was taken mea bem path
tetlon=stoppered quartz cell and meubated at the mital assay temper
atvre tor S mune The mereise i absorbanee at 200 mm was monitored
moa Hhitachn spectrophotometer attached 1o a0 temperature pro
grammer KPCG and temperature controller SPR-T - Both the sample
amsd reterence colls were heated topether v rte of 1°Chmim. and the
net absorbance was recorded alter every 1°C merease The 1, ol
DINA was determmed praphically brome the tapsinon md-pomt ol
the absorbance versus temperature profile

V3O DNuse B seriativily assan

Fhe sensiov ity of DNA w0 DNGse T digestion wis studied spectro-
photometrically (Hitachiy by measuning the imcrease i absarbance i
2600 nmoat A7°C e presence ol different concentratons of proline
DNuse |l pey was added 1o double stranded call thymas DNA
L0 A m o bufler oF mby contammg 100 mM Trs-HCT (phE 7.8),
S0omM O NaCL S mM MeCLo | mM DT The enzvime was chluted to
required concentration in 10 mM Tos-HOT (pEE 7Ry and SO0 (vfv)
glveerol. DNase Daensitivity of DINA was also analysed by agarose gel
clectrophoresis. Call thymus DNAL 2 phage DNAL or pUC T8 DNA
(8 g cachy i the DDNase Tassay buller (30 ply was picubated w 37°C
for 10 o with 25 ng ol DNase Tan the presence of different con
centrations of proline and the digestion products were separated on o
8% agarose pel
2.0 8T nuclews USRS AR TN AR T

The ST nuclease reaction nuxture (30 pl) contained call thymus
DNA (0.5 pg). buller (5 mM sodium acetate (ph4.7) 15 mM sodium
chloride. 0.1 mM ZnClyy and proline. DNA samples in presence of
mereasing concentrations of proline were heated at 65°C for five min-
utes and quickly chilled on e Reaction was started by addimg S|
nuclease (1 unit) and incubated at 37°C for 15 min, The digestion was
stapped by adding EDTA and SIS 100 final concentration of S0 mM
and 1%, respectvely, and the products were separated on oa 0.8
agarose pel

24 Single strand hinding protein gel shift assay
The 2 phage DNA (0.5 pg) in 30 pl buffer containing 10 mM Tris-

HI4-5T793/97/817.00 © 1997 Federation of kuropean Biochemical Societies. All nights reserved.
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Fag. 1 Etleet of mercasmy concentrations of proline on the T of call thymus DNAC G Control DNA (without proline). (b) 0.06 M. (¢) 025
M, () 0.5 M.je) 1O M () 2.0 M, (g) 320 MLy 40 M) 4.5 M) 5.0 (k) 5.5 M.

HOCT(pE B D T mM BDTA and 200 mM NaCCL owas beated at 65°C m
the presence or ahsence of A0 M prolme for S oo and quickly chilled
on e Inereasing concentritions of sshoprotem was added and atter
meubation at room temperature for 5 mme the samples were electro-
phoresed ona 0.7 aparose pel

28 Dasplucement wf DN A bowaid eotudiven bronnde by profing
Ethidiom bromide (04 gy m the butler (10 mM Tees-HCTipH
and 50 mM NaCh was exated at G800 nmoand the enission wis
recorded between 500 660 nmom o Hiach spectroffuorimeter. Later,
calt thymus DNA (S pgd was added 1ot to record the enhaneement
in fluoreseence crmisston itensity. Simabarly. the ennssion spectra were
recorded with the addition ol imereasing concentrations of proline 1o
the above muxture after incubating at room teniperature for 15 min

-

3)

3. Results

Destablizaunon of DNA double helin by proline was ana-
lvsed by vartons methods. Prolime was tound 1o ssgmificantly
lower the meltimg temperature of call thymus DNA o con-
centration dependent manner. Though such an etfect found wt

Lible |
Etlect ol prolme and other anuno aads oo the [ ol cadl thymus
DNA i the presence and absence ol additinves

Concentration T o IEINEET P

DNA o
1.0 N proline Eyiih
£ 20N proline

£ 2.0 M glyeme

+ 200 M osenine

0N ahanime &=V

+0.25 M vihne 1
+0 1 M lencme o
+ 2.00M hydroxy pre! b1

OSN gyl glyen
+ 2.0 M sarcosine -
+ L0 M glucose
+1.0 N betne

10N prohnet 1.0 A Y
+10 mM spermidme st
+0.5'M No(| G 1

10 mA spermidine
+0.5 N NaCl+ 1.0 M
.3 M ONGCIH20 M
+0.5° M Nalll+2.0 N o

60 mM was marginal. an appreciable decrease in T, was
observed  consistently (Fig. 1) at concentrations  ranging
from 250 mM to 1 M, which are widely reported to be o
logically relevant [912], In order 1o know whether the effect.
shown by proline are specific. several other amino acids wers
tested as controls: The results reveal (Table 1) that none of 1k
amino acids tested could induce a similar eflect even at high
concentrations. While glveine. glveyvl glveine, and serine wer
found to significantly stabilize the double helix and increas
the T, . alanine. valine. leucine and sarcosine could not greatl
alter the 7 However, hyvdroxy proline at its maximum aqu
ous solubtlity pomnt (2.0 M), could reduce the 7, by 8°C.
Proline, unlike its hvdroxylated analogue, with a high agueous
solubthity (6.0 M) due o the reported anomalous solutio
propernies [IN]C was found 1o destabilize DNA even bevon!
such a concentration (Fig. 1 However, the diflerential aque-
ous solubility of tested solutes prevented an adeal comparison
between them in their interaction with DNA,

Proline and betaine (1 M cachy were found to have ar
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Fig DNase 1 sensitivity of calf thymus DNA in the presence of
mereasing concentratons of proline.
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w3 PINase 1 osensitiviiy ol 2 phige |'[¢ I8 and call thymus
INA in the presence ol diferent coneentrations o probin

dditive effect in the reduction ol 1, CTable 11 Moreover
oline (1 My was Tound 1o mdividually reduce the eflect ol
ACT (05 My and spermidme (10 mMy on DINA stabihity as
dicated h_\ the decrease in 7 f\_\ 6°C and 8¢ |1'~.|n\r"\<‘|'\
m o the contrary, the co-addion of glveme (2 Myowith sodium
voride (0.5 My did not mNuence the effect of 1the latter on
INACIndicaung the inellectiveness of ghycine m counteracting
1 etfect (Table 1)

[he hehix destabibizanon was further confirmed with the

ol T |

INase T and ST nuclease sensiiivity assavs. In the specirophion
metrie analvsis of DNase | digestion, icrcased prohine con
atrations were lound 1o progressively protect the call thy
wis DNA Ggainst the digestion, with a0 near complete
Z)

dotection observed at higher than 3.0 M (g ["his wis

urther demonstrated by gel electrophoresis profile of DNasce |

1igested samples of A phage. plasomd and call thymus DNA

Fig. 3) Rice and barley DNA did show a similar pattern of

csistance Lo DNase T acuvity in the presence of proline (data
it shown), This effect is either due to a decreased binding ol
INase 1 1o DNA or destabilization of the double helin, The

ormer 1s less hikely because proline does not atfect the binding

203

properties of protems which interact with DNA (see below)
In contrast, proline at mcrcasing concentrations was found o
mahe the double stranded call’ thymus DNA more susceptible
to 81 nuclease digestion (Fig. 4). In the gel retardation assay
bimding of mercasimg amounts of ssb protem 1o A DNA n
presence of 3.0 M proline was found to retard the mobility of
the DNA-protemn compleses which was clearly absent i the
control A DNA with the addiion of 12 pg of ssh protem (g

3 These results indicate the non-iterference of proline

-

mteractions between such protemns and DNAC Fially, the
ability of prohine o oreplacing the ethidium bromide bound
o double stranded call thymus DNA was tested and the flu

aresceence enmisston data (b 6) revealed o margmal displace
ment which s expected of compounds that destabilize the

double hehs
4. Discussion

Proline was Tound to brng down the 7 v a coneentration
dependent manner (g o somew hat similan to betaine which
was reported o fower the T and partly reduce the impact ol
KOT on DNA stability |25 Winde | M |‘IL>]II!L' could reduce
the 1 of call thymus DNA by 6°C (Table 1), betame at a
dmilar coneentration could reduce the 75, of poly (dG=dC') by
VO and the bacteral DNA by 4°C [ 25]0 The results are sig
mificint m o view ol the reported hvper hio-accumulation ol
these osmolvies under salimity stress, Such an eflect was not
found with other tested annno acds, o wihach, glveme., glyevl
shveme and serme were in fact found to considerably stabihize
the DNAC Tnterestimgly. with the addition ol methyl group(s)
on the glvame structure. alammne. vahine and leucime have cor
respondingly Jost hoth the aqueous solubility and the stabiliz
me ellect on the DNAC Smbarly, AN A-tnmethylelvemne (be
tame) was found to be hehix destabihzing when compared to
plvame and sarcosme (Table 1) 1250 Inone such related at
tempt o test the mtuence of methyl groups on the potency ol
osmoprotection. it was demonstrated thiat. contrary to glyeme
and sarcosine. compounds ol betaime senes, with tromethyl

groups on the mitrogen were found 1o amehorate the effect

of Tagh sahmity (0.8 M) on the growth of £ocofi [12]0 Simi
Lirlv. the observed mabilny ol glvane o counteracting the
cltect of NaCl on DNA (Table 1) could probuably be i

I the reasons Tor s Eolure (o protect /

counted as one
cofi from high salimity (0.8 M NaCl) stress [12] Though pre
lmimary, these results apparently establish a correlation be
tween the reported capability of these osmolytes to protect the
organism from salinny stress with their ability 10 negate the
salt effect on DNA stability

+ 1M FProline
¢+ 1.25M Proline
+ 2.0 M Proline
e 2,75 M proline
¢« 3.0 M proline
+« 3.3 M Proline
e 40 M Proline

calt thymus DN A

Fig. 4. 81 nuclease sensitivity of calf thymus DNA in the presence of different concentrations of proline,
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However, the destabilizing effect shown by hydroxy proline
1s biologically msignificant as it 15 not known to accumulate n
cells under the stress-adapted conditions. Proline, on the con-
trary. s a widely reported osmoprotectant, known to stabilize
proteins somewhat analogous to chaperones

3] and act as a
protem compatible hydrotrope [26]. Further, the antagonistic
Hlect of prohne to that of NaCl on DNA stabihity i vitro
wssibly suggests a similar interaction in vivo where proline
ould counteract the effect of high concentration of salt and
ations accumulating under stress conditions. Presumahbly
DNA surrounded by o high concentration ol salts 15 biolog-
wcally less active than that as surrounded by both salts and
therr counteracting osmolvtes such as prohne and betwne
Morcover, proline and betaine were shown 1o have an addi-
tive effect on DNA stabihty (Table 1), and when present 1o-
pether could account for ellectve concentrabions 1 vivo
Apart from the sugpested effect on DNAL these osmolvies
are known 1o be highly bio-compatible with o proven role
m the stabihzation ol protens, organclles and cells 13 19|
which can not be ascertinned with other amime acids, Inter-
estingly, upon merease m salimity ol the growth medium. Lac-
tobacillus plantaryn cells were found o mstantancously accu-
mulate betaine and proline in preference o alanme as an
adapuve measure | 27] Similarly. of the 130 compounds tested.
only prohine and betwne series were found to effectively pro-
lect £ coli trom the severe salimity stress suggesting the ver-
satithity of these osmolvies i comparnson 1o other solutes [12]
DNA destabihization by proline m our study was further
confirmed by the observed resistance of DNA 1o DNase | in
the presence of ligh coneentrations ol proline In lact. 1t oas
known that the actvity of this enzvme on o stable douhle
helin as 5000 tmes lugher than that on a destabibized helia
[28] Turther, this could not be due 1o structural changes in
the enzyme induced by prohine as there are evidences that
prolme. even at high concentrations, does not substantially
allect the structure and function of proteins [13 18] On the
other hand, prohine was tound 1o confer structural stabiliy 1o
DNase Tat agher temperatures (data not shown). Increased
resistanee to DNuase T digestion and susceptibility to S1 nucle

Fige 30 Gel moba

vl thie absence and
presence ol 3.0 N v ik bons Ot ssbopro-
tem. Lane 1. A pi Lo prage DNA+]Y ug ol
sshp lanes 3 6 - Voo vee presenee of 30 M proline
with mereasing ¢ oo tolloness 203 e of sshp

1, 6 g ol sshp:
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g 6 Fluorescence emission speetra of ethidium bromide
and DNA-bound form . effect of proline in displacing the DN
bound ethidiom bromnde

ase 1 the presence of increasing proline concentrations su
gest that the destabilized DNA structures could exist at phy
wlogical temperatures under stress adapted conditions

Several studies mdicate that both the m vitro binding atty
es and rate of binding of certwm trunsenptional regulator
proteins to their target sites on DNA are estremely sensiti
1o the electrolyte concentrations ol the butlers used [29]. Sin
DNA at physiological pH oexists as o highly charged anion.
15 expected to be surrounded by cations which have a natur.
biding affimty. Moreover, the salts which accumulate durn
sahimity stress nuy also unduly stabilize the double hehix whic!
could adversely inhibit the DNA function in rephcation ato
transeription [3] Presumably. proline and betaime play oo
miportant role m partally alleviatimg such an effect. In L
Focoli cells grown at very high salimity condinons (1 M Nac
were found 1o actively concentrate glyveine betaine as much
IO tmes that of the medium [12]0 Tt was Turther envisage
that during severe stress conditions in bactena. cellular co
stituents may completely be bathed in osmoprotectants the
reach concentrations above T M and mteract with biomacr
molecules [12] Similarly. the presence of high internal conee
trations ol betwine under the stress-adapted conditions wa
found to reverse the elects of salimty mediated osmotic stre
on DNA repheation and cell division in £ coli which suppo
the role of osmoprotectants i alleviating the stress effects o
DNA function [20], Thus, the sclective accumulation of thes
wo osmolytes o4 wide range of organisms under the sa
stress appears 1o be a conserved adaptive measure rather thas
a4 mere coneidence. While such an adaptive value of betair. @
proline-DNA interactions can be envisaged in prokaryot:
where a direct access for osmoprotectants to DNA exis
the same can not yet be ascertained with respect to eukaryo
with a distinet nuclear membrane barrier. However, such
teractions could logically be possible during certain stages
cell division where the nuclear membrane barrier transic
disappears. Though a direct interaction in vive of proline
betaine with DNA is vet to be ¢stablished. these osmolyvies
the hikely biological choices to counteract the effect of aa
mulated salts on DNA

.
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