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Role of Cavity and Hydration on Structural Stability
and Function of Enzymes
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To elucidate the molecular adaptation mechanisms of enzymes to the high hydrostatic pressure of deep sea, we
compared the structure, stability, and function of dihydrofolate reductase (DHFR) from a deep-sea bacterium, Moritella
profunda (mpDHFR), with those from Escherichia coli (ecDHFR). The backbone structure of mpDHFR almost
overlapped with that of ecDHFR. However, the structural stability of both DHFRs was quite different: mpDHFR was
more thermally stable than ecDHFR but less stable against urea and pressure unfolding. The smaller volume changes
due to unfolding suggest that the native structure of mpDHFR involves a smaller amount of cavity and/or an enhanced
hydration compared to ecDHFR. The enzymatic activity of the wild-type ecDHFR decreased under high pressure, but
mpDHFR showed the maximum activity around 50 MPa, and the D27E mutant of ecDHFR exhibited pressure-
activation. The inverted activation volumes of these DHFRs suggest the changes in the cavity and hydration of the
transition-state in the rate-determining step of the enzymatic reaction. Since the cavity and hydration depend on the
amino acid side chains, DHFR could adapt to the deep-sea environment without altering their backbone structure. The
results indicate the importance of cavity and hydration on the molecular adaptation of proteins to the deep-sea
environments.
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Fig.1 Comparison of crystal structures of deep-sea enzymes
and their normal homologues. (A) Dihydrofolate reductase from
Moritella profunda (PDB 1D: 2ZZA, black) and Escherichia coli
(PDB ID: 1RX2, gray). (B) 3-Isopropylmalate dehydrogenase
from Shewanella benthica (PDB ID: 3VMK, black) and
Shewanell oneidensis (PDB ID: 3VMJ, gray). The figure was
drawn using PyMol (http://www.pymol.org/).
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Fig.2  (A) Temperature dependence of the molar ellipticity at

222 nm ([0]y,) of ecDHFR (gray) and mpDHFR (black) at pH
8.0. (B) Pressure dependence of the center of fluorescence
spectral mass (CSM) of ecDHFR (open circle) and mpDHFR
(filled circle) at 25 °C and pH 8.0. The solvent used was 20 mM
Tris-HCI containing 0.1 mM EDTA and 0.1 mM dithiothreitol.
Lines represent theoretical fits to the two-state unfolding model.
(Inset) Pressure dependence of the Gibbs free energy change due
to unfolding of ecDHFR (open circle) and mpDHFR (filled
circle). Lines represent least-squares linear fits.
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Table 1 Partial molar volume changes of ecDHFR and
mpDHFR due to pressure- and urea-induced unfolding at
25 °C and pH 8.0.

Volume change / ml mol™!

Pressure Urea
ecDHFR -77+8 -85+7
mpDHFR —45+3 -53+7

The solvent used was 20 mM Tris-HCl containing 0.1 mM
EDTA and 0.1 mM dithiothreitol.
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Fig.3 Urea concentration dependence of the center of
fluorescence spectral mass (CSM) of ecDHFR (A) and
mpDHFR (B) at 25 °C and pH 8.0 under various pressures. The
solvent used was 20 mM Tris-HCI containing 0.1 mM EDTA
and 0.1 mM dithiothreitol. Symbols indicate 0.1 (filled circle),
50 (open circle), 100 (filled triangle), 150 (open triangle), 200
(filled square), and 250 (open square) MPa. Lines represent
theoretical fits to the two-state unfolding model. (Inset) Pressure
dependence of the Gibbs free energy change due to unfolding of
ecDHFR (open circle) and mpDHFR (filled circle). Lines
represent least-squares linear fits.
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Fig.4 Schematic drawing of volume change due to protein
unfolding.
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BRI DTN SNZ D3 Hr > 7, mpDHFR O ELZE Ik
HEREREIZICET 213 £/ &<, NREBIZBWTAWE
MBEHBRR S, ZROKFIKERF>TWDHEEZLND,
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Exbhb,

6. BERDOBEEIZH T HKFDEE

—J7, Wi DHFR OFERIEMEDE KT~ L 2 5,
ecDHFR [3MEIZfE > TEHERNKR T2 0Ilcx L T,
mpDHFR 1347 50 MPa Tl KiGtE% /< L7z (Fig.5A), 2 =
D &5 RIEIS L DIEEOHEME, foov < DO BEE
sk DHFR Tb W SN 7228, VEIEME Y sk DHFR T
b, MBS THEEMET T2 00850, BFRIEMEY
HSREERZ ST L b I EME 2R T Tidewny, 419

180— : : :
°  an
> 160) A ecDHFRD/zgf} *

2 1404 s

2 /F

§1m< A

o 1001 N

> ¥ mpDHFR

o 80 - <.

= e

52 60 \g\ﬁ\ <L ]
40] Wild-type ecDHFR =~ %—&g |

AG* / kJ mol’

100 150 200 250

Pressure / MPa

50

Fig.5 (A) Pressure dependence of relative activities of the
wild-type (open circle) and D27E mutant (open triangle)
ecDHFR and mpDHFR (filled circle) at 25 °C and pH 7.0. The
solvent used was 20 mM Tris-HCI containing 0.1 mM EDTA,
0.1 mM dithiothreitol, 250 uM NADPH, and 250 uM DHEF. (B)
Pressure dependence of the apparent activation free energies of
the wild-type (open circle) and D27E mutant (open triangle)
ecDHFR and mpDHFR (filled circle). Lines represent
least-squares linear fits.
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12 U CR% R SO B O JE TJRAFE 2 E L 2 3/ & 11X
AV*ELDTFORICE Wk D ZLmTE 5, 2
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DOFPAT, -8.6F25mlmol! L ADETH ~7- (Table?2),
% 72, mpDHFR @ 50~250 MPa {2313 %5 AV*iZ, 8.610.9 ml
mol! T, ecDHFR & [RIFREDETH 7=, ZDFEEND,
mpDHFR D& JEZAET (50 MPa LA |) ToORBERI,
ecDHFR & AU (THF Ofifff) B2 b b0, REHS%
EF (0.1~50 MPa) TOMHGRIRIL, Zhb & idfie-T
WwWaEEZLND,

AV*

Table 2 Activation volume corresponding to enzymatic
function of the wild-type and D27E mutant ecDHFRs and
mpDHEFR at 25 °C and pH 7.0.

DHFR Activation volume / ml mol”!
Wild-type ecDHFR 7.5+ 0.2 (0.1-250 MPa)
ecDHFR D27E ~4.8+0.1 (0.1-250 MPa)
mpDHFR —8.6 +£2.5(0.1-50 MPa)

8.6 % 0.9 (50-250 MPa)

The solvent used was 20 mM Tris-HCI containing 0.1 mM
EDTA, 0.1 mM dithiothreitol, 250 uM NADPH and 250 pM
DHF. The values in parentheses show the pressure range using
for calculation.

BERIRREHGGICE S &, AV IIHLEGRREIC BT 5B
Rg & BEREE L ORI OBREE AR L TR Y, K9 TR
L 7= unfold DA L FIERIZ, MIREMOF ¥y BT 4 — &K
RO E KB L TV, BERMUGHTEIZ I AEEFE D
HEEZRIE, unfold DX D 7e KRERBLOTIHRNVWEEZZD
NEDT, ZNHOF ¥ BT 4 —KFIEOE( L, B
EALe U 4 v RSB EMLELD D, iR o — L e s
fBIZfES b EB 2 Hb, FlxiE, 0.1~50 MPa 2817
% mpDHFR OH D AV*OE6r, B{V3E TS R 7S HLa i
BThy, EBIRETIE, RISHRERIZA UiBaneE
s, AKRFNZ LV EELEZN TS &) ATREERE 2 5
N5,

—7, ecDHFR X° 50 MPa LA | mpDHFR @ X 9 72 ED
AV*OGE, BRREBITREREB L EEL T, v ET 4
—OHIMMBARTN (BHDVEZEOES) M > TR
X B, ARWRBEROL DO FREIR L L TR HRETS
b, fEA MRV IHEE (Wb D open HiE) 1,
FREREE XV bKFIENBINT 2 B2 06152 b

-
-

EFNLEDOF ¥ BT 4 — DM E S TVDDTRITNIL,

ED AVFE LD G OB IREEOME & L IR Th
5, IED AVERED K S GBSk T 200 ER
FRATH DN, BRI HEENEINARGTT 5 &) FHE
1%, TN T, TOBEOHERILCX vy ET 4 —0K
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1. BEEMEYHEERORE

Fig.5A (28 L7 & 912, B4R ecDHFR 1E, MEIZLE
S TEEMET T2 E A MEEEE TH D, ecDHFR DIE
PEEBALD Asp27 % Glu (ZfE# L7 & 84K (D27E) TiX, #
B L OAREMET T2 LIRS, TEMEORE pH 2SEEE
M7 b5 30 Z b, HERA SR OREEA~
OBHENBEIML TS EHZ X b, I T, ecDHFR
D27E EBAROEEEIEEDEIMEFEEZRIE Lz L 2 5,
INEAZ AL © TIGEE R BT 5 47 E BRI 72 > T iz
(Fig.5A) . " ecDHFR D27E ZEFAADIKESMT (0.1
~50 MPa) TOIGMEOEENNIE, mpDHFR & 1FF—FH L TH
v, 0.1~250 MPa O#HIFENLE LN AV*E, —4.8£0.1
ml mol™ & Ll EIITVMETdH » 7= (Table 2), Asp 75 Glu
~OEFT, I AF L2 (CHy) 1 AZEMT 57210 T
HBHME, ecDHFR ONEMEEIZIZE A EZEIL LIV, 5
B, ecDHFR D27E 28 SR O ff itk i&E 1 3BEE1 C & 5 (PDB ID:
IDRA) 728, AR LIFEAEREEBI—KT D, b0
FESIL, ecDHFR D27E 25 HL{A oD B 3 I s 00 A 3o 1 A2 3
mpDHFR & [F U272 o722 &I L0, BT OIEEDES)
KR EL L2 L 2R LTV 5, Fig2BIIRLTZX S
I1Z, ecDHFR ® Native f#§i% (% 200 MPa f2J£ £ TIRFEF S LD
Z & » 5, ecDHFR D27E ZEHARIE, 10,000 m F2E O D
BIEABRE T CH, TS DN TE D,

BT AL 7- BH1 IPMDH (2B L C b RO R 21572,
B EMAEY kD solPMDH 13IEIC & 0 iEHENET T 5
JES SR Th D0, RIBIAEY MmO shIPMDH 1%
100 MPa % TH/E F & RIS OB REE SN D M EMERES
Thd, P S266A OFEHUZL Y solPMDH 13, sbIPMDH
(266 P2iX Ala) & [RIEROMHER 2R BERIEMEZ2 /R T & 91272
%o 3 Ser M5 Ala ~DOEHSG, (SH SKEREE 1| 184K
EFT BT DT, solPMDH O EREITIZE A B L
R, BAYELY RT U EABALEZHWT, EET TR
REERNT 21T - TG, BFAERL solPMDH O IE M7 S
DIENNLIE T D Ser266 JELIZ, ME T TiE 3 5 FDKyF
PEAT D 3 DI LT, S266A EEETIE, MELT
LASFOREABR NN ERNbhoT=, ¥ 2nbo
A SRL, VR AE W e SR SE 0N @ I BR BRI E S T A BRI,
KEDOHEERORIENEE 2B ERZLTNAEZ %
ALTWD,

8. BhHYIC

AR TR UTZ L 91T, BEEAY B 32 O ST IREE 1,
WIEM DB ROMRERZ S IFEALEFRLTHDLN, TD
MERENE S FEREIY, KREHER-oTND, ZoiEN,
XY ET 4 —EKFMBOBEWVNCEDZHEDOTHY, NI
7R BB OFEEIC LD RES BT B, Lo THE
WESE e IE, F v BT 4 — KB ZHIETS 2
LIk oT, EHEONKEEEZLE D L LI, TED
EERBEICEISL TS D EEZOND, £17, HEENL
D% < ORMBIREREE (BiR, (KR, BBE, 740U, &
IR ) WCABT AR EOEAZICELTY, £
DOSLEREE L, BRI, ~A 0V RRREICAEET 4
MHKOMREAGLRLTHDZ LD, EAEDOMERE
BRETEICHEEICIE, Sy BT 44—, Kziztv 45
RSy & O TR EERORBNEE CHH LEXDL
nd, 5%, BEOT — X EfArGboEs 2 LT, MR
BRI R E A E OREEICHEE S, L0 ERICH 650
IZTCEBH1EA9,
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BESR DWEZTENE L BEREIC I T D F v BT 0 — LK DOEE] — R R KR D DR R—

E1)  ARETIE, BHEOBRARSIAEEN DN
Z &% Tunfold] EFEQR, IEMERKDLND Z & &R X
T (denature) | & IZXBIL TV 5,

W2 TREEBETUL, NIREE 22 2 EEL T
BT 72D T, THE® (conformation) | 732 -2 Cdh 5 LB T
RN, G RTFuY—E LT, n-~F Y OKIE AT A
BY EF5, [BEHEHICENT, ~FP U HTF0 LD
conformation X4 5 7%, IEIFXRIKR LIFEKRD 2 7217
ThbH, ~THE, FrE, . O TFOHEEEMIILT
W< b, oL 5% conformation DOEIITREEAIZHEIN
T 0, IREEDEIIE D 5720, EEHE D unfold H 7 U T,
MRRE, &V 1T Unfold (REETIX, FEEIZE < O
(conformation) & & 5 Z &N TE B, ZIUTREDE L
WEREMR A 22\, F 72 Unfold IREEDOHEIEDOHIL, BAE ST
DEEEFE (7 I BB ITRET AR, REORIIHE
IR, RIS RO/ W IBIR e R B8 Tl
2OThD,
ERONFTOTFuY—E, BEAEORHE L et
W LTEERRA M 2 FURLTWD, 1 HEIT,
Native JREEOHEE S 1| DL IR S22 L) THD, 2
BEIZ, TEAEoO#EZEME, BRI, HFRNOH
HAEATIEAeL, S THOMAEERICLYRESNTND
L] ThD, BEAEOD unfold EBRIL, WH, ERE—&
HEB O AERANERTX 5 X0 i EREii cirbh
L2, EAEORIEZEEZID D L D 20 FRAAAE
JZ, ELLTEAELASDFORICIFEL TV,

w3 Kao)yTiE, MECLYEAEOEBENE(LT D
DIZ, FERENTEOND AVgy [EAE OGS LA
WZ EiZ2 Yy, FicBbhs ot Ly, L LR
O, ZHUITNAFATAREAEOF TERZELTHRZ
DO T-D LR LT, IBIEF CEAEOMHEN
EboTh, THNERITEROEREEZ (LS T,

#0#
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BRT), FR—z iz Gk, dbRsettddx (G
ER), &L OIFFIZEDHRIZIES S DO TY, £RIC
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