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rative studies of ortholegous proteins of spedes evolved at  protein (surface, mtermediate deﬂlJlmil‘Oﬂ ) differ in selation to
different tempevatures have revealed consistent patterns of  adaptation tempermure. Second, o develop Slm\.‘IW\F‘lI n,um
temperature-related variation in thermal stabilities of structure  linkages, we asked what sites !hx:i]mi:un are strongly co .
and function. However, the pracise mechanizms by which interspe- i1 4l Species and what sites are highly variable and. :hu fm:
«ific variations in sequence foster these adaptive changes remain  potential sites of adaptive change? Third, 1o test conjectures about
largely unknown, Here, we compare orthalogs of cytosolic malate  the putential invalement of 4 given amino acid substitation in
dehydrogenasa (<MDH) from marine molluscs adapted to temper.  Adaplatinn ta temperatiire, we performed two lypes of mitagencsis
atures ranging frem —1.9 °C (Antarctica) 1o ~55 *C (South China O imvoived site-dhirected
<wast) and show haw amin acid usage in differant regions of the  (SDM) followsd by ensyme iolation and in vitro characterization
enryme (surface, intermediate depth, and protein eore) varies with O prolein stability (rte of heat denaturation) and Ranction

adaptation temperature, This eukaryotic erizyme fallows some bt (Kar ). The second mutagenesis teehnique invobed MDS ap-
not all of the rules established in comparisons of archaeal and bac- pnmlu( 3). We aed this in v silice method to study e effects of
‘terial proteins. To link the effects of e the sameé sub used in SDM on the overall structeral flexi

with adaptive variations in enzyme thermal stabiy, we combined. DAY (s in bockbone itom position) and residus-specific fesi-

ality frons fluctua |:m:(nwl)| of the protein, We were -pawll;
m“ m’“‘:mm““’“‘ s (50MD) ""“"" F! d“"' ""‘:m" o erion  interusted in determining whether the thermal responses of 1
o3t Im';",,m“"‘m“"m"’s iz "d; m'“ Potivart,  Matated protein seen i vitro (SDM approsch) were modified in &

n X 2 similar way for the protein mutated in silico. I amino acid substi-
ably yielded common effects on protein statility. MOS analysls & | oo oo by SDM and MIDS comsistently give similar re-

sults, then & possibility opens up for using this in silico approach to
test the importance of sequence differences in a simpler manner
than the more laborious approch using SDM following by enzyme
solition and in vitro churscterization

The pn.m:m we used s our study

affect th il ‘mohbile regions (MRs) of the
‘engyme that are essential for binding and catalysis. Whereas these
substitutions invariably lie outside of the MRs, they effectively
transmit their flexibiity-modulating effects to the MRs through

em, the ytosalic paralo

inked interactions among surface residues. This discovery llustrates 7}, is i well-charaete
i b e st e sy of malate deliydrogenase {E.C. 1.1.1.37), is a well-characterized
ysis an help establish an enzyme's thermal responses and foster o o

evolutionary of function. <

Comparison of 26 cytosolic malate dehydrogenase (cMDH)

atsptation | cytasolk malate dehydrogenase | evolution |

mlecular dynamics simulatiors | provein evolution orthelogs of marine molluises adapted 1o temperatures ranging
from ~1.8 °C {Antarctica) 1o ~55 *C {South D-ucoaal} shows

[P i strture and funtion e highly sensitve (0 changes O L o e

adaptation

In \empenne, Bocatse of these thermal sensitivitics, ten-
L e s | B0 e e ol G s
of proteins from wami- a;\qn::l specis evmonly show diferean - GSAG LD e L e ey
thermal responses from orthologs of cold-adped species (1) For o of the ot (MRs) il for funct
‘oxample, in 3 reoent study, we.compared the thermal stabiics of oy tranemit. thaie ﬂ“mw’ o, alfich to e MRS
structure and cofactor binding ability in orthologs of oytosolic nalate through linked imaractions among surface residues, This, re-
dehydogenasc (SMIDH) from marme molluscs adapied (0 6mpes-  gians of the protein surface W ‘outsids of the sits of catalysis
atures ranging fiom ~0 °C 10 ~35 °C (7). Consistent temperalio- ey help astablish an snzymes thermal responses and foster
comelated teends were observed in all measure sl of | echutfonainy adaptation of fiinction:
Ir..u den.-lum tiom, :humlwbd: of the \1d n«.nl:x
indexed

% ML, G, ang YomiD. devgned esarch MAL gertormed
: e daca; arch 1A-61. 6 5. and ¥ D wite
an LF[: rl h link these differences v.n!; mln'r{u\!n variation in

protein seaquence, we extend 1is salyss by comparing deduced
amine acid sequences of 26 cMDH orthologs from 10 geners of ™
‘marine molluses adapted 10 an alnst 6 °C Binge of temperalures:

from ~1.9°C in MeMurdo Sound, Anarctics, 1o ~55 °Cin the rocky e eraan
ingertical zone alomg the South Chine Sea (Table 1),

Our study addresses the following questions. Fird, at the mo
generad level of analysis, we asked how the overall aming aid e aons w0
compositions (measured as percentages of different classcs of 9 IS DS
amina acids) and the eompositions of different regions of the
v s T 10.107 s 1617455156 s e driles | 1080
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5 cMDH ZEAaRIPERNZE AR ARG (B) 73l 1Bl (MDS) i B vkt fedr, FEN
PEFOZE A R AEFE R (MR) , S22 ki 45 T57EM2 (Echinolittorina radiata) cMDH #]
UREEM), MBZiN 57 ° C F, 0-2ns Z5MARPERIARMLHLE;  (C) 45 17iEiE (E. malaccana) [
RARLER), 2 FRANE. malaccana, E. radiata, Littorina keenae 1 L. scutulata cMDHAE(}
TR S, AEREFA S EMT WRs 4b, WEBGSERTITH], IS 20 5.
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