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A new red blood cell substitute*

onor red blood cell is the

standard replacement when

hematocrit falls below the

critical level, but it is not
without its problems (1). Can red blood
cell substitutes with the following prop-
erties fulfill some of the special needs for
critical care medicine? “There is no need
for time-consuming cross-matching or
typing in the hospital setting and there-
fore this can be given immediately on the
spot. There is no need for refrigeration
since they can be kept at room tempera-
ture for >1 yr in the ambulance, in the

field, or in the emergency room. There is-

no potential for infectious agents since
they can be sterilized. There is no limit in
the amount that can be made available,”
This has been a dream for many. years,
but as shown by the article in this issue of
Critical Care Medicine by Dr. Sakai and
colleagues (2) and by research and clini-
cal trials from other centers on other
types of blood substitutes, we are coming
very close to this possibility.

The dream for a complete red blood
cell substitute started in 1964 with the
publication of the first attempt to prepare
a complete artificial red blood cell (3).
This fulfilled the previously mentioned
properties except that the artificial cells
did not circulate for sufficient length of
time to carry out useful functions. As a
result, emphasis moved from the overly
ambitious attempt at complete red blood
cell substitutes to less complex oxygen
carriers (4-8). These included perfluoro-
chemicals, polyhemoglobin, conjugated
hemoglobin, intramolecularly cross-
kined hemoglobin, and recombinant hu-
man hemoglobin (4-8). Of these, polyhe-
moglobin is in the most advanced stage of
development. Polyhemoglobin is based
on the idea of using diacids (3) or glutar-
aldehyde (9) to cross-link hemoglobin.
This basic idea has been developed inde-

*Sae also p., 530,
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pendently by two groups in the form of
glutaraldehyde cross-linked human poly-
hemoglobin that is in the final stages of
phase III clinical trial (10) and glutaral-
dehyde cross-linked bovine polyhemoglo-
bin that awaiting Food and Drug Admin-
istration approval (11). They published a
number of articles including the results
of their clinical trials (10, 11). Very
briefly, they have infused up to 20 units
of polyhemoglobin each time into pa-
tients during trauma surgery (10) or in
other types of surgery (11), They were
able by doing this to maintain hemoglo-
bin at the required concentrations (10,
11). These polyhemoglobins can be
stored at room temperature for >1 yr and
can be sterilized to remove and inactivate
infectious organisms or factors. These
polyhemoglobins do not contain blood
group antigens and thus can be used
without cross-matching and typing.
Their circulation half-time is >24 hrs.
Unlike single hemoglobin molecules,
polyhemoglobin preparations that are
mostly in the form of large soluble he-
moglobin complexes do not cross the in-
tercellular endothelial junctions of the
blood vessels to cause vasoconstriction,
Polyhemoglobin is an oxygen carrier and
does not have the complete function of
red blood cells. However, this is already
effective in clinical trials as an oxygen
carrier for use in perioperative surgery
including surgeries related to critical
care medicine like trauma surgery, rup-
ture aneurysm repair, and others {10,
11).

Oxygen carrier in solution can more
easily perfuse through obstructed vessels
in strokes and myocardial infarction.
Also, unlike donor red blood cells, these
carriers can be used on the spot without
the need for cross-matching and typing
in severe hemorrhagic shock. However, if
the ischemia is severe and prolonged,
reperfusion with oxygen-carrying fluids
alone may result in ischemia-reperfusion
injuries, We found cne way to avoid this
by cross-linking trace amounts of red
blood celi enzymes to hemoglobin, form-
ing a soluble polyhemoglobin-catalase-
superoxide dismutase (polyHb-CAT-S0D)
complex (12). We tested this in a global

cerebral ischemia-reperfusion rat model.
Unlike polyhemoglobin that contains no
significant enzyme activities, polyHb-
CAT-SOD causes no significant ischemia-
reperfusion injuries as shown by the pres-
ervation of blood-brain barrier and the
absence of brain edema (13).

With polyhemoglobin nearly possible
for routine clinical use as an oxygen car-
rier, a number of groups are perusing the
next step of the original idea of a com-
plete artificial red blood cell (3), The orig-
inal short circulation time was improved
by research carried out by many groups
using small lipid membrane artificial red
hlood cells (8, 14). The surface modifica-
tion of the lipid membrane using poly-
ethylene glycol has markedly improved
the circulation time to double that of
polyhemoglobin (14). As shown by their
article in this issue, Dr. Sakat and col-
leagues (2) have moved the lipid mem-
brane artificial red blood cells to the final
stages of animal studies toward clinical
trials (2). They have shown the efficacy of
these cells in hemorrhagic shock. In
other publications, they have studied in
detail the safety and efficacy of their lipid
membrane artificial red blood cells (8).
Another more recent approach toward a
complete red blood cell substitute is be-
ing develop by our group based on nano-
technology and biodegradable polymer to
prepare nano-dimension artificial red
blood cells (6, 15). This biodegradable
polymer can be readily converted to water
and carbon dioxide after use. The nano-
dimension artificial red blood cell is a
complete artificial red blood cell that
contains all the red blood cell enzymes
including superoxide dismutase, catalase,
carbonic anhydrase, methemoglobin re-
ductase, and others (6, 15). The circula-
tion time is double that of polyhemoglo-
bin (15). However, this is in a much
earlier stage of animal studies compared
with the lipid membrane artificial celis
reported in this issue (2).

In summary, we now have two oxygen
carriers in the form of polyhemoglobin
that could be very close to routine peri-
operative use in teauma surgery (10) and
other types of surgery (11). For condi-
tions with potential for ischemia reperfu-
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sion injuries, polyHb-CAT-SOD is being
developed in animal studies (12, 13). The
stage is therefore set for development, of
complete artificial red blood cells in the
form of lipid membrane artificial red
blood cells (2) and biodegradable poly-
meric membrane nano-dimension artifi-
cial red blood cells (15). However, in con-
ditions requiring only a simple oxygen
carrier (10, 11), there is no need to go to
a more complex and more costly systemn.
On the other hand, the more complex
systems (2, 12, 13, 15), when ready, will
have their roles in those clinical condi-
tions where a simple oxygen carrier can-
not fulfill all the requirements.
Thomas Ming Swi Chang, OC, MD,
CM, PhD, FRCP(C), FRSC

Faculty of Medicine

McGill University

Montreal, PQ, Canada
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Peptidoglycan is an important pathogenic factor of the
inflammatory response in sepsis*

epsis is the clinical manifes-

tation of the host-derived

systemic inflammatory re-

sponse resulting from inva-
sive infection, A majority of cases of
sepsis and septic shock are secondary to
infections with Gram-negative bacteria.
Gram-positive organisms also account
for a significant proportion of cases.
The inflammatory process begins at the
nidus of infection, where bacteria pro-
liferate and either invade the blood-
stream or release various bacterial
components, such as endotoxin, pepti-
doglycan, teichoic acid, and other mi-
crobial exotoxins (1). The main thera-
peutic intervention following sepsis is
antibiotic therapy, However, even when
effective antibiotics kill bacteria, they

*$ee also p. 546.
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do not affect the release of these bacte-
rial toxins (2, 3). The interaction of
these microbial cellular components
with macrophages, monocytes, or other
host cells induces the release of inflam-
matory mediators that play a major role
in the pathophysiology of septic shock
{2, 3). This interaction of microbial
products and host cells is a major de-
terminant of the innate immune re-
sponse and represents the first line of
defense against pathogens by promoting
acute inflammatory responses and evok-
ing early cellular infiltration at the site of
infection and tissue injury. The innate
immune system has evolved a complex
network of receptors, which rapidly iden-
tify pathogens based on invariant molec-
ular structures that are shared by a vari-
ety of microorganisms. Among these
invariant macromolecular structures,
peptidoglycans are recognized by cells of
the host through specific interactions
with cell surface receptors, such as the
Toll-like receptors (TLR) (4, 5).

srized reprodi

-~

fion of

It has been demongstrated that activa-
tion of mitogen-activated protein kinase
homologs and other kinases mediates the
transduction of extracellular signals from
the receptor levels to the nucleus and is a
pivotal event in the regulation of the
transcription events that determine func-
tional outcome in response to stress (6).
This signaling cascade is rapid and en-
ables the cells to respond to environmen-
tal changes by inducing a prompt produc-
tion of proinflammatory and anti-
inflammatory mediators, such as tumor
necrosis factor (TNF)-«, interleukin
(IL)-1, IL-6, IL-8, IL-10, and interferon-y

{6).

In this issue of Critical Care Medicine
Dr, Wang and colleagues (7) show that in
vivo administration in the rat of a puri-
fied extract of peptidoglycan of Staphylo-
coccus aureus causes liver and renaj dys-
function, which correlates with increased
tissue gene expression and plasma eleva-
tion of cytokines. These events are asso-
ciated with increased DNA binding activ-
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Interaction between complement system and liposomes

FTERDEAS, HEEUMTE. R OE, MEAE
Hideki Abe, Mitsuhiro Fujihara, Hiroshi Azuma, Hisami Ikeda
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Abstract

Liposomes consisting of lipid bilayer can encapsulate various kinds of compounds such as anticancer drugs and antifungal
antibiotics. Encapsulation of hemoglobin into liposomes as an artificial oxygen carrier has been studied to prevent adverse
reactions due to cell-free hemoglobin substitutes. However, liposomes administered are recognized by host defense system,
resulting in the trigger of a variety of biological reactions. Complement system is activated by liposomes via classical and/or
alternative pathway depending on a lipid composition of liposomes and animal species used. Recently, adverse reactions caused
by lipesome administration have been reported in experimental animal models and human clinical settings. This review will
outline the mechanisms of complement activation by liposomes and their characteristics.

Keywords

liposome, complement, artificial oxygen carrier, anaphylaxis
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NI BEBOAATALTEETFTVEBEL, RSV ED LN
TTNEREEY N TR I—T 1 7T 5 LB TERIC
X AWAIEEAL I S (12). bR L T
ZEHHED (13). F0—H, REBHO) RV —-LzlliFL
EESELEAEWIREL, £ VRV —-LRENAF TV =
LI AL LTS L OHEEMMEE S, DDSELTH
ERARIREIC R B 2 LD ST D IR T,

)R — L REH B

% L OMFITBWTEZRREKFEER. Ca+r I KR Mg+
RN HEROBEAIC L ) HRER LXK LTwb, T40E
MALDO BB, )RV —A~ADC3 (C3b. iC3b) DHEA. BEfE
ARMORBEMEEOET 2 EICEI DL TS, YRV —AIZ
LB _REBEHNLMIREFEBICKETSIZ L, A
stearylaminelZfF 5 S N5 BT ES B ELOFI E IR0,
T/, RPBERCHNELHETS (14, 15, ELVEY MB
XUk PIMEE BV RETCE, BEREY RV — L TIERES
BEEELsRZY (15). —F. v MIEIBWTI,
FEMEE, BEMHEMY RV —o & bl BERIC X 0 s
IbEBIERBITEMEINT VDS (16), T/ T v Ml
Huo7-etcid, BEFEY RV —212 X D KR TIERL
BRI D HBESERLCSh L omELHSL (17). T
DR/BELEORLOEE HICL D, MEFHEICH WA ¥
VRIS 2 BRI L TV A LD THAD) LiEHshT
W5 (16)o VARV —ABEIMEFIKE SN L SICHEE
H4 20RO T, M2 HCAREOHFE X Y BRICE
WIREE L w2z B, LA L., in vitro DWEIZBWTIX, BVvS
PEEANIC X o TEMARICEEL RITT 0, EEISLEL
BHbhas,

ILAFU—LVEEORE

%< DY Ry —LsBHEphosphatidylicholine (PC) &
cholesterol (CHOL) #F7-A#IEEL LTw5b, CHOLZ
K”ﬁ@]ﬁ%%@%f:b&:mb‘fph\ PC:CHOL (55:45) Tl
REWEIHRETHY, ELEY v b, BXOe MO
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Table 1.

FElectric charge of liposomes and the activation of complement system

i Alternati
Charge Lipid composition Subject glﬁif;l pa thwa;e Reference

DMPC:CHOL:GC:SA Human serum - + 13

- +
Positive PC:CHOL:SA GH.“ma“. serum ” N 14

uinea pig serum

PC:CHOL:SA Rat serum + - 15
DMPC:CHOL:.GC:DCP Human serum - - 13

Human serum + -
: : 14

PC:CHOL:(PG/PA/CL/PI/PS) Guinea pig serum N _
Negative PC:CHOL:(PG/PA/CL/PI/PS) Rat serum + - 15
HEPC:CHOL:DCP Rat plasma - + 16
PC.CL/PG Human purified + ND 32

PC:PA complement - ND
PC:CHOL:CL/PG/PI Human Ig-depleted + ND 33
serum
o FocHoL Guinen i s - - 15
Neutral i i Rat serum

PC:CHOL Human serum ND - 17

PC:CHOL:DPPE ND +

+, Activated; -, Not activated; ND, Not determined.
DMPC, dimyristoyl phosphatidylcholine; CHOL, cholesterol; GC, galactosyl ceramide; SA, stearylamine; PC, phosphatidylcholine; PG, phosphatidylglycerol;
PA., phosphatidic acid; CL, cardiolipin; PI, phosphatidylinositol; PS, phosphatidylserine; HEPC, hydrogenated egg PC; DCP, dicetylphosphate; DPPE,

dipalmitoyl phosphatidylethanolamine.

Table 2. Cholesterol contents and the activation of complement system

.. . . Classical Alternative
Lipid composition CHOL(Mol %) Subject pathway pathway Reference
20 - -
. . . 3
DMPC:CHOL:GC:SA 43, 60 Human serum _ - ¥
PC:CHOL:PG 0-10 - -
(lipid 10 mM) 25-40 Rat serum + - 15
Human serum
PC:CHOL 45 Guinea pig serum - - 14,15
Rat serum
HEPC:CHOL:DCP 2 5 Rat serum * . 18

+, Activated; -, Not activated

TIEAEIEELERES 5% (15 16), CRixdipalmitoyl
phosphatidylethanolamin (DPPE) &L VU R Y — 4
PC:CHO:DPPE (35:45:20) 2BV THREMBETH o7 (15, 16),
ZTN—7F. PC:CHOL (66:33) THRIEHAFEI S v
DPPEZEAT S Z LI X YDPPESGEERENICE ZEBOE
PELAEZ O, CHIZT7TIVEZIAFMELEERTIVS
FOTF ) AFMELEPCIST 2 & F0EE LD S L O
EHLHDH (18), MEFDEWITHW2PCIZ L 2EOFHEIEDE
WIZE B LM v LN E TV 5, 3EIZCHOLIZRE 5 %5,
e MIFEICBWTHECHOLEE (43 mol%) X hE-RKkE
AL HEOEESERI L EDMRELH S (14), T2, T
v PIZBWTIHHECHOLEE (44 mol%) TXE-REBE ML
72iEMHALAS, KCHOL&E (22 or 33 mol%) TidirftiEE%
AL 7iEHALASE S b SR OB R IC T 5
PUIRE B RPUE, 9IS IgMARE L TW B L OBmELH B (19).

PUBRAFME O 8 R TE L
ERICEBBOEEICIEREEILEEL Lewads, HiE
AEC L H2ERBBOBEELLBRES TS (20), C4KIE
ENEy M (C4D-GPS) & paragloboside (PaGlo) &F
RY — 5% JIE S5 & Ca+ IR IS IEELIE Z 5,
L #* Lspecific pathogen-freef§ B ENE v bHLIE (SPF-GPS)
TREEEELCPEZ L v, FLEFEHAFTELVEY LK
(GPS) 2 & BPaGloV Ry — A BHIEPaGloiAE L HET 2
&, Ca+IEfE7E T CSPF-GPSIZIE@{LCAD-GPSH 5 Wik
C4AD-GPSOEHIgMME 42 M T 5 L PaGloV) &V — A & Bk
THIEDPBESIN, ThHoDIZEH,s, PaGlo) KV —4
d. BEAFTS v PABEFOPaGloicx 4 5IgM ¥ 4 7 HRE
BEMLERBOERLICI VBB LALLERI TSR
20 9 LcHARPUEZHCORRE L & Rk LG HILE 5]
SRITWRRMEND S5, ERETIEY 7Ty Y7 EoRk
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IS ) ERIE R S, ZhICXDIEEBICH LTHOA
OFUBEEZ L TV B EOEEBRRENTHS (21),

6.2 EHHMEEDEMEL

BUGEER IS K A HIARIEMHLE VB Y — A BEOBBITIC
. by VRMERBIC X DRB LAY RY —L L, LY Uk
WMER 7 FMEBLCELVEY FLEEZHVWRE S, oh
ey PIRMEROFENREE 5 Ry 72 S h/-Forssmanfi i &
PULE DTEHUE IS AT ) R — b6 ETRI ). A
M5 L THEMORIM 25 &RI¢ (22, 23), fiky V328
DT vy 7Y —OREHETEIC e Yy YRLEEBWTbRLTY
Tohd (24), WERIRE OB A ALz, Y VRIMEKERE
A DIEE AWML ) BY — A TOREFEVITbIA, 20
iR, BRI SRR, HREBICLZ YRy L EEICLE
ISR ffNEL G L, SRR 23 LWBICI RS
WORTLAMET L (25), #WEOEELIIMH LR (16), =
TUVXBE =T ENEL s itk b L Bbhs, WEERE
LEVEY —LABEYORHIZILAFu—LVERBOWNE &
O EAIGIHEBOFEEIC X > THIMH S s (16, 25).

alL A7 a—ib & HIRHLR
ETONSMERITHIC RSN D, B AR T
THERMRE - TVE, VRV —AFIRICBLTIEE4 D
MBS AT 2 ERBUR DR ST wd (20, 26)0 7 4 FILIE
HIER 7 4 v TI) Y RFYRY — 4 L RST 5 HRE
ML, ENEY MEHEEF CATHORHLHEEL, =
DT IgMARTERECTH o 72 (26)0 BCHOLY RV — 24 (71%)
e IS L VIBEE ST, NEPORKBSES 555 (1§
CHOL (43%) BIUELTy MRFTIHEI W), Zhid
IR A LIS C X 2 b D EE R bR TV
(27), BIZ, S OMEEELIG  FILiEFICFEET % HCHOL
ELRPLAIC L DFE S h, BIEEWFE Y R Y — 4 %eggPCh
DPPCTE &2 72 1) Y — ATIHIEHAL L v 2 & 2585 &
L7z (28), FAMB LA PIEOITIZETIZIBVT, T
CHOLIgGB & UIgMAMHE SN T w5 (29), THE., TR
CHOL [ S ASMLARLDL I L & 7 0 — b AR 8- B 7 1 1
FRLLTVLEDOFIRBESR (30), SO LT Fu—
LYEBIRBELIAE & BB A B Dh b AR (31)e Tk b
LTS L RIE RS R ~ IR B ATURD B S B S T
BO. VR —LAOEEEPCRATP Tl E NG Z &, V)
RY =L OREICE D HAEEIED 52 EXREShTw

b5 (32)

PORIARFIE O AZ RIS A L-FE W'Y Ry — &
BRI O B TREOEELIRIN TV A0 L [FH.
IRIRMREFE I IR NG L S T 5 & O|E b HE v B
i & % FDcardiolipin (CL) B X UPGHH 4B HEY — A
(PC:CL (20:80). PC:PG (20:80)) (ZiZBEECIMES LTl
ftL, COEMECLTI Wiy (33), T/, HMKEENE
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WAL S, EHBEHRCIMA Y ¥y — DA RCHER L%
E LV, PCCLY RV — 4 TI3CLERIEHFEYE (CL40-80%)
I2C14 e ¥ ¥ —2 X hiFHLsEil s h s, —%. PCPGT
1XPG:A40-80% DHEF TCLA v R ¥ ¥ —IC & D bAf X h
5o ClqiZPC.CLOCLERKIFHICHE S L%, PCPGITIXHE
&L %d ol CLIC & 2HMBBROFEELIIHEAGESE
DENEBENRLRY, $/CLEPGTHRL D, Y FEY—A
I & AHAIEREE O T RBEOFEEILICIE, <4 7 aELVR
BV HBNSEOREZLEL T 5, B4OBREHE) R
V= A &) BWAIEEALAE Z 4%, (LS, WEEEICE
DIEMILOESVHRELRD (34), BEWEIRY —LI2X5
8RB OEELIE, & MIEICBWTIEASR TV (34),

6.3 HEAKERE VRV —L4

VARV — L BHEEERLOER. VRV -2 BTV =
LENB, ATV LIS NEREICCIbEXAHELEY
24L& 7% —CR1. CR3%Z A L CHIMEME R & D HERR S
NoHH (35), VARV—abF 7Y =B & ) FFRDKupffer
Ml hEEENS (36) CNERIIRY—LDHF A X
WZETE L. eggPC:CHOLDCP (50:40:10) RV — AL TiE, #
F1E200 nmTRIBAEEAIREI LT, Ty PIFOTD AA
LA TV vRAEYERY — A EEDS VA, HFES00
nm TEFBOR Y AL AL, WAL EEILTS 37, L
MLEC, BEOBHELERNTFORE X TR R TFORICK
FL. SFE200 nmD ) BV — A TH400 nmPB & U800 nm®D
JRY—-—LLEFAZEORBFYREPBEI LI EVHESINL
(38) REMEICHL T, v 7R~ s7u77—Yb47
VALY RY =L FEARTHL, VY — LA OBREEDNH
KELEDBIZLEEEWETTHL08ENHL (39, 2FEH
DH|EICLBE)RY—LOREHEIL. in vitroTIXPLMAIE
RIEICHRRBREEELLTEF TV = AR RET 2 <
ra7 =YL bERTIHTHILIZR B, £/, CHOL
EREFFOEAKLEEDIIT Y MEER IO T 7 —U~DfFEF L
MO ABRDPHERTBH, &SI AHABEICOLEETRITL,
WAEREEELEERFEEORAERBOFEENRBREATV S
(40)o TNAT. BYFEIC & 5 Tldin vitrok in vitro DIERDIE
B HEELAET S Q). I v MTRIL/MEECHEL T
§—DEETHD, S5 INIEPCGERY RV -3+ 7Y
Z LA NTH/ME &S L. MUVMGRD % 3T (42, 43), —
FH. b M CIRIIME I EH L £ 7 7 —CRIDEIE L v iz,
PGEEDOFEIIPPbOLTHEZERLLA 7V = k3 h
IR LA EEHEERHLEWEZLONE (43).

6.4 HWHEDIPEDIXT—T

ZODEIEF TV BN RY — A ISHERERIC
DRI N, MHEPLERLCHTIZHELTLE ). €D,
BThHLOT Ay — 7B LTI ERAOER L BiE LT, Y
RY—LORMEMIHET ENTEL, VRV —LBEEE
monosialéganglioside (GM) ZHWwB LY RICBWTF
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R AMER T2 2 LAVRENA (13)s LL, W AT
PR REMAER L2 0o, Ty MBI G
Ef: W), TOVRY—LEE MIECREL 0B IFE
AR LCH, v T ANTEHERETEZIODT y FIFTIE
MR R R L e —F U RV =R FL VT
Va—n (PEG) Bfids&, b MuEEORIGIZBTLRH
BEWORUNEIFRS S, <=7 2BV Tl R 3045
A GSIEMICIER L7z (45). T v MIIBWTH Z 04
FIh, 9L A7 0- W SREFEBRECHEEZ I hh ol
(46), S EEIb o 2id, PEGHFEIFKEWE&IE. &
NALRVEIETYRY —LIZEBALTOHRNEDSE 47,

Lo L, PEGISAEY Ry — A ENIBWC, FENLEIER
HE SO T WS (9)o HiA v Hldoxorubicinz#H A L7
PEGHS il ) R — 4 %] Doxil/Caelyx (hydrogenated soy
PC:CHOL:PEG2000-distearoyl PE (60:20:20)) 31995412 = A
A ARANE L EAE LT b, LA L, Doxild
2502 &0 Bl & L, PO EE . RUBE. BEIEALEI. BE.
W, MUEZEA s ST wvwb, Doxild  —RBE 8
SALCACERENE (M) EERRAKEADBIisome
{amphotericin B AJEPEGIBHT ) K v — A 8% T, #fiE
e B AN O BERIE R (MUEART . ALHE, Z58h, Q8 SCRE,
BN g S, BURIZRNE SN/ EBHTIE RS I RY
—LREEBRTLTF 7 X —RIRLELZLNT WS (48,
49 . F£72, Doxild W UIEERMK T 5 BT mE G il
e TRPEGY K Y — L 0 5.CH, AHCWEEEROR
WA S (50), 0.1 umol/kg bodyweightD B 5 Tlid
Wil 0> > > F 77 LTI, MR, B8R B BEHETE AR
IS4 6D, ST EiE, mTREMPEGY K Y — 428
O RMEBEADE RN A E A 2 L BR T, WTERPEGY
R = AL D REMERE R LABEICB W TIEER.
A A S8 W T2 DML % A7 & 25, C3, BB L UC4DET
AR HAL, HIEROIEH LA RIE ST 5 (52). PEGISH
ERTOLIZE Dhb S THEIER IS 2 BHIIRHTH
L, PGERMIEEELL THOWTWwWALohd Lk,

7. B NTESEMRG & Wk

Lo X542, VR Y — A LHEROMEER L, REMNE
R R, IRGEEE, AR, MEEARRE., miEd S\
B ORELIZI VELESH, FLAVIEBREOEWIC
FoTHMBIEATHDL, THDNTA—F—IIBELDL
Mo, VRN TR EREAOMSBEEITI S EWEETH L,

TANAEENETOENLHMATEBREBRBTIZILEH
(liposome-encapsulated hemoglobin) & MHEM, distearoyl
phosphatidylicholine (DSPC) dimyristoyl
phosphatidylglycerol (DMPG) ! CHOL : a-tocopherol
(50:4.5:45:0.5 mol%) 7%+ 7 B PR F1E388 + 55 nmDPEGkK
B Ry —LTHB (53), MPFOBWERTIE, T v Mk
G107 B o W R EIIEE (CH50) BFEHICKI L,
WS b o R4 0B, (TXB,) OMBRENFHRE SN,

oy MIEFICELEHIC KIS AP0 S a8, #iE
Lz E—RBEE AN L TR s ELZLRAL (B3)s v b
Mg % Fvi72in vitro®®EH ¢ CH50I FHRICIET L (54) .
H 53T TFHBIRE & OBBROBM, /MURL, IR
T IR, OMREUET 2 EASBIE S iz (55, 56)0 MMiKAE{LSE:
B985 A — & —OEIE—BETH Y, R, BR~7077
— VNOLEHOEEIFBE S TS (57). £Df#. LEHIZ
RS 5800 VIREERB A e MIiERICRWAE S (32),
LEHIZ S RS L S BRomEREz LT MRz
BT 52 LB s nl (68), FioZ DIEHALIE, WTE
ML £ 7% —type 1 (sCR1) XX ARMICMEILZ &
MNTE D, ZTOLEHIKSIC L VBT ZERIIBELZ LB LT,
MERGHISTURICEI L Z &b “HAEEELEEET
LvE—" Laftiroh, BEEOEVT Y 2 A, LRIRE
FANOBENFEMICANO N, TOMKE, T v PR F
WEIRIE & DA OM. wAREAS, TXB,OESALR LB
BENl, ZOXI BT b, MMEBEICL o TIERETE
LS BMEEEIRESN TS (59),

FERAEE L o VB A TEEER A IENeo Red Cell
(NRC) &®EiE#, hydrogenated soy PC.CHOL:myristic acid:
a -tocopherol:PEG5000-PE (7:7:2:0.28:04) Z#MIEE &3 5F
4L T- 18220 nmOPEGIEHi Y RV — o THA (60, 61)o & F
HEmiE s OWEER BN T, EERICHCaENE T
ERBARLNZE OOCEaDERITTEE HIFLA LTS,
BERNOREE IR EEZ 5h7 (62),

BRHEAAEFHEZE LA VEATERZEERESEIANE /O
/B & ( HbV; hemoglobin vesicles) & I id hv
DPPC:CHOL:DP-L-glutamate-N-succinic acid (DPEA) :
PEG5000-DSPE  (5:5:1:0.033) = HEMFEHE & ¥ 5 Tk +1£250
nmOPEGISEi ) KV — L THbH (63). KA DIRE DR,
HbVé b MIiEE DREICE W THAEMCHONET . BN
FEOWEHILIES S L L BEShA GEXERT). 7
v MIEB L T v Min vivo 5B VT HMAFTEELE
N (64)e MAT, BER. #N LAY -FZVRAD
BELMNI EARENTWAS (65), HbVO ¥ — 7 Bz il
ELIEZA, EBPWAEKP CIIREWEIL-26 mV LT
FETHole —F, BRIEEICDPEATIE % {DPPGEHD
PEGIESi ) Ry — A OREHE S -34 mVTh o, ER
CEBERIZL, V7LV -F U RDBEWMLLL (65),
O &, BICKREREZTCIEE L, BRIERORKMEHE
% (head group) DB RIFTIDLEMENE, ZDLH
CHbVIZH AR ZBE L 2w s, “HEEE LR E R
TV RF—RIE" EIEEh3H%5EROGIIEROBMEEEH
KT 2BEELALEVWEEZ LN, $2HDVOT v b
FTEIZBTIS%IR G & 0 25%3% 50 F5 4% i H 54 1 150
OB E R R D BRIICHbVIZITFE. BRI, BRI
L7 (66)c HbVIZHHEEZFHAL L 2wz, + 7V =1L
éﬂ&",\ﬂt%‘i bhd, LizdioT, ZO&) RHENER~
DG, WL T - A S LVEERHADAOmEE Y
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Y37 HOMEG DM SN D (67)0 HESBEMMICHED i
WO RN, B4 DN KEY —L~OMIES 3 BOKEER
VIRPLIc720 b EZ OB A (68). HIMBAEL RN iEHIC
LHWHEMEDL & 5o

8. BHBHHIZ

DRV —LWKIDEF SR, 2oMBEIEKE &b ICHAEE
AL T 5 EEZONIBIERPRESNBO TS, IR
5774 7% —ROBHERIIVBRETHRET LI L
by ALBSEE A L 5 CHILEO XRS5 2 H8E LI2EE.
LREOWMEINLIREMBERTH S, LN 7Y —RIALEE
EHREORTZH I L THBIA TS VB ATHREE
AR T, VRS OMBEEFRER YR TEREY
ABo VARV = MIXHHHEIGEHEACOBE S C@MES N,
FLTIETHHELHBHI LS, TRLLOEMRE EICHEE
ALz EMETE )Ry — L 2BIRT 22 L RIFEFCHEHELS X
BHo LA L. BREREISFRE L VEA TR EREHLY
i3, R4 EOEEEEEIFME T R, & ML & 20%
v/vE L UM0%v/vIRE L THMEREZER LR, Tl &
B RCBWTIHEFICEERGEE VWA S, ZOHDVOIREM
BOd N LB FEREDO AL L. BITOY Ry — 28FIISH
THILIZLD, WAREEOBERBIEICSBIOb 0L iR
WREC B
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Purpose. To elucidate the catalytic mechanism of the esterase-like
activity of serum albumin (SA), the reactivity of SA from six species
was investigated using p-nitrophenyl esters as model substrates.
Methods. The effect of pH and the energetic and thermodynamic
profiles of SA were determined for all species for p-nitrophenyl ac-
etate (PNPA). Then, kinetic and thermodynamic studies using a se-
ries of p- and o-nitrophenyl esters with different side chains and
human SA (HSA) were carried out. The influence of deuterium oxide
was also evaluated. Finally, the information gained was used to con-
struct a computer model of the structural chemistry of the reaction.
Results. The pH profiles suggest that the nucleophilic character of the
catalytic residue (Tyr-411 in the case of HSA) is essential for activity.
This k., -dependent activity was found to increase with a decrease in
the activation free energy change (AG). Hence, the magnitude of AG,
which is dependent on activation entropy change (AS), as calculated
from the thermodynamic analysis, can be regarded as an indicator of
hydrolytic activity. It indicates that p-nitrophenyl propionate (PNPP)
is the best substrate by evaluating the reactions of nitrophenyl esters
with HSA. The findings here indicate that deuterium oxide has no
significant effect on the rate of hydrolysis of PNPA by HSA.
Conclusions. The results are consistent with a scenario in which HSA
becomes acylated due to a nucleophilic attack by Tyr-411 on the
substrate and then is deacylated by general acid or base catalysis with
the participation of water.

KEY WORDS: esterase-like activity; p-nitrophenyl esters; serum al-
bumin; species difference; structure-activity relationship.

INTRODUCTION

As the most abundant soluble protein in the body (about
4% in serum) and the most prominent protein in plasma,
serum albumin (SA) is responsible for a multiplicity of func-
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tions, including the maintenance of blood osmolarity, acting
as an antioxidant, and serving as a solubilizing agent and
carrier for many endogenous and exogenous compounds (1).
It is also well-known that it is a major binding protein for the
transport of a large number of drugs (1).

Studies of SA have also revealed the important role of
this protein as a catalyst for the hydrolysis of various com-
pounds, such as esters, amides, and phosphates (2,3). Ikeda et
al. reported that the most prominent catalytic, esterase-like,
active sites of human serum albumin (HSA) are closely re-
lated to its drug binding sites, because various drugs inhibit
this activity (4). Thus, the active site of HSA with respect to
p-nitrophenyl acetate (PNPA) is thought to be the same as
the binding site for several benzodiazepines (site II), and the
enzymatic active site with respect to nitroaspirins is in close
proximity to the warfarin binding site (site I) (4). However, in
spite of the extensive literature on these reactive sites, their
properties and their differences among species are not known
in detail.

Typically, the esterase activity (e.g., carboxylesterase ac-
tivity) is more pronounced in plasma from primates than in
other animals such as dogs, rabbits, snakes, and fish (5,6). The
esterase-like activity of SA has been reported to be highest in
human and is completely absent in SA from horse (Order
Perissodactyla) (1,7). The primary structure of several species
of albumin is now known (1), and mammalian types show
amino acid sequence identities of about 70-80%. Therefore, it
is conceivable that they have comparable three-dimensional
structures. In fact, X-ray diffraction studies by Ho et al.
showed that the crystal structure of horse albumin is similar to
the three-dimensional structures of HSA (8,9). Studies involv-
ing site-directed mutagenesis have shown that Arg-410 and,
especially, Tyr-411 are important for the esterase-like activity
of HSA (10). However, many albumin species, including
horse albumin, also contain arginine and tyrosine in the same
or corresponding positions, but have different enzymatic ac-
tivities (1). Therefore, other, and presently unknown, factors
must be important as well.

In the current study, we report on a detailed examination
of the esterase-like activity of albumin and the mechanism of
the catalytic reaction. Species differences were first examined.
This involved a determination of pH profiles and the collec-
tion of thermodynamic data on the esterase activity of SA
from human, bovine, dog, rabbit, rat, and horse using PNPA
as a substrate. To characterize the structural chemistry of the
active site, hydrolytic reactions of a series of p-nitrophenyl
and o-nitrophenyl esters with HSA were also investigated.
Finally, the optimum structure of the substrate~-HSA complex
was constructed using the X-ray structure of the HSA:my-
ristate (MYR):tri-iodobenzoic acid (TIB) complex.

MATERIALS AND METHODS

Materials

HSA was a gift from the Chemo-Sera-Therapeutic Re-
search Institute (Kumamoto, Japan), and dog, rabbit, bovine,
horse, and rat serum albumin samples were purchased from
the Sigma Chemical Co. (St. Louis, MO, USA). All of the
albumin samples were defatted according to Chen’s method
before use (11).

0724-8741/04/0200-0285/0 © 2004 Plenum Publishing Corporation
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PNPA, p-nitrophenol, o-nitrophenyl acetate, and o-
nitrophenol were purchased from Nacalai Tesque (Kyoto,
Japan), and other p-nitrophenyl esters were ordered from
Sigma Chemical Co. Deuterium oxide (D > 99.75%) was ob-
tained from Merck Co. (Darmstadt, Germany). All other
chemicals were of analytical grade.

Procedures for Kinetic Runs

The butfer systems used were as follows: pH 6.0-8.5, 1/15
M phosphate; pH 9.0-10.5, 1/20 M borate. The ionic strength
of each buffer was not fixed, because the addition of NaCl to
the bufter decreased the reaction rates in a complicated man-
ner (12). The reaction medium contained 0.5% (v/v) acetoni-
trile. The temperature was 25°C except for the thermody-
namic analysis, which was done in a range of 15~35°C.

Hydrolysis of substrate (5 uM) by various species of al-
bumin (at least a 5-fold excess concentration over the sub-
strate) was carried out in such a way that complications by
any multiple reactive sites of albumin were avoided. It is said
that the substrates preferentially reacted with the primary
reactive site of albumin under these conditions (12,13). The
reactions were followed with a stopped-flow spectrophotom-
eter (Otsuka Electronics Co. Ltd., Osaka, Japan) at 400 nm
by monitoring the appearance of the corresponding phenol.
Under these conditions, pseudo-first-order rate constants
could be obtained.

Measurement of Reaction Parameters

The reactions of the substrates with albumin are assumed
to proceed through the pathway shown in Fig. 1 (4). In this
chart, PNPE is the substrate and EST-Alb denotes the Mi-
chaelis-Menten type complex between EST and albumin.
Acyl-Alb denotes albumin acylated by the substrate, and Kg
represents the dissociation constant of the complex. The rate
constants of EST-AIb are represented by k., and k,, respec-
tively. k is the rate constant for the dissociation of Acyl-Alb.

The pseudo-first-order rate constant for the release of
phenol, k., can be represented as follows:

ko Ks + kg [albumin] 1
°bs ™ Ko+ [albumin] M

k.

Here, [albumin] is the concentration of albumin. Because
the value of k,, is much larger than that of k, (2000- to

Sakurai et al.

can be calculated from the intercept and slope of a double-
reciprocal plot using Eq. (2):

1 Ks 1
Kone komlalbumin] " oy

@

Determination of pK,

Assuming that the hydrolytic reaction catalyzed by albu-
min is dependent on the ionic form of Tyr-411, the rate of the
reaction should be both the ionization constant (X,) and pH-
dependent, as described in Eq. (3):

(kcat> (kcat> I{ 1 (3)
= a X ————+-'
Ks/u \Ks K, +[H"]
Equation (3) has the same form as the Michaelis-Menten
equation, where k., /K is the value at completely ionized Tyr
form, and (k_,/Kg)y is the measured value at a given [H*]. K,

can be calculated as follows, where [H*] is the hydrogen ion
concentration.

()t o
Ks/u \Ks Ks /u K,

The pK, values were obtained using least squares
method.

Thermodynamic Analysis

The free-energy change for an enzymatic reaction has
generally been discussed according to the literature (14).
Each free-energy parameter was calculated using Egs. (5),
(6), and (7), where AGy is the free-energy change for the
initial reaction of the enzyme and substrate, AG the activation
free energy for the rate-determining step, AGy the free-
energy difference for the reaction, R the gas constant, T the
absolute temperature, kg the Boltzmann constant, and & the
Planck constant.

AGg =-RTIn(1/Ky) ()
AG = RT{In(kT/R)-Ink o} ()
AGr=AG - AGs %)

The thermodynamic investigation of the albumin-
catalyzed reaction was performed in the temperature range
15~35°C. The activation energy (E,) was obtained from an
Arrhenius plot of the rate constant vs. temperature following

Eq. (8).

cat a
6000-fold), so kg can be ignored (4). The Ky and k,, values d(/T) " R ®
K, ke
EST + Albumin g — ESTeAlb —® Phenol + Acyl-Alb
kq k
Phenol +  Acid Acid + Albumin

Fig. 1. Spontaneous and albumin (Alb) catalyzed hydrolysis of p-nitrophenyl esters (EST).
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The activation enthalpy change (AH) and the activation
entropy change (AS) were calculated using Eqgs. (9) and (10),
respectively,

AH=E,~RT )
AS=(AH - AG)/T (10)

Conformational Analysis of PNPP

The conformational analysis of PNPP was performed us-
ing the CAMDAS 2.182 program (15). Ten molecular dynam-
ics (MD) calculations were simultaneously performed using
different initial structures. Each of the MD calculations was
carried out for 600 ps with an integral time step of 1 fs. The
lengths of the covalent bonds were fixed. The temperature of
the system was maintained at 900 K in order to enhance the
sampling efficiency. The Tripos force field (16) was used to
evaluate the potential energy surface of the molecule. The
electrostatic and hydrogen bonding term of the potential were
ignored in order to avoid intramolecular hydrogen bonding.
The angle and torsional terms of the potential were reduced
by a factor of 0.8 in order to increase the flexibility of the
molecule. Conformers were sampled at 100 step intervals,
thus producing 6000 conformations for each MD calculation.
A total of 60,000 conformations were preclustered with an
root mean square deviation (rmsd) threshold of 0.2 A. Super-
position and rmsd calculations were performed for all of the
heavy atoms. After sampling, the reclustering of the sampled
conformers was performed with an rmsd threshold of 0.2 A.
Before the clustering, each conformer was minimized until
the root mean square of the potential energy gradients was
below 0.005 keal mot™! A~'. Finally, 723 conformers were
obtained.

Preparation of HSA Template

To obtain the HSA template structure for docking, we
used the crystal structure of the HSA:myristate (MYR):tri-
iodobenzoic acid (TIB) complex (PDB ID code: 1bke) (17).
Due to the lack of N-terminal residues from the 1st to the 3rd
and of the C-terminal residue of the 585th in the PDB struc-
ture, we treated the 4th residue as the N-terminus and the
584th residue as the C-terminus. The initial positions of the
other missing atoms in the PDB structure were generated
using the SYBYL 6.6.2 program package (18). The Tripos
force field was used. The AMBER 1991 charges (19) were
used as the charges for HSA. Gasteiger-Hiickel (20-23)
charges were used as the charges for MYR and for TIB. Only
the missing atoms were minimized using SYBYL to below
0.05 kcal mol™' A~! for the root mean square of the gradients.
The cut-off distance for nonbonded interactions was 8 A.
Finally, the MYR and TIB molecules on HSA were deleted.

Docking of PNPP with HSA

The docking calculation of each PNPP conformation
with HSA was performed using the UNITY 4.1.2 program
package (24). A MOLCAD fast Connolly surface was created
for the protein atoms surrounding site IT of HSA (within 8 A
from MYR-1003 and MYR-1004), We defined a UNITY sur-
face volume constraint expanded by a tolerance of 1.0 A from
the MOLCAD surface. The PNPP molecule should be the
inside of the surface volume constraint. Hydrogen bond do-
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nors in protein atoms surrounding site II were defined as
UNITY queries. However, this was not done for hydrogen
bond acceptors because there are no donors in PNPP. The
PNPP molecule should form a hydrogen bond to Arg-410,
which is important for esterase-like activity (10), and to at
least one of the other residues. However, Tyr-411 was not
included in the UNITY queries because it is a catalytig: resi-
due. A hydrogen bond tolerance was set within 0.5 A. We
searched for conformers that satisfied the above conditions
using 2 UNITY 3D Search and obtained only one hit. In this
search, the HSA template and each PNPP conformer were
kept rigid. Finally, the docked HSA-PNPP complex was mini-
mized in a same manner as above. AM1-Wang-Ford charges
(25,26) were generated as charges for the PNPP using CS
MOPAC (27).

RESULTS AND DISCUSSION
Species Differences in Esterase-Like Activity

pH Profiles

The pH profiles for k., Ks, and k., /Ky for the hydro-
lysis of PNPA by the different types of SA were constructed.
The k_,, values are markedly dependent on pH in all species
examined (data not shown) and show that the susceptibility of
the active sites to nucleophilic attack increases with pH. In
contrast, the Kg values decrease with increasing pH (data not
shown). It has been reported that pH-dependent conforma-
tional changes (N-B transition) occur in albumin when going
from neutral to slightly alkaline pH (28). Therefore, alter-
ations in nucleophilic attack in active sites and in the affinity
to PNPA could be due, totally or partly, to changes in the
tertiary structure of albumin, which accompany the pH-
dependent N-B transition. The k_,/Kg values increase with
raising pH (data not shown). This difference in activity ap-
pears to be mainly due to differences in k,,.

The results of the pH experiments indicate that nucleo-
philicity in the active sites is very important in catalysis activ-
ity. The pK, value for the hydrolysis of PNPA with various
albumins is calculated, and the result for human is shown in
Fig. 2, as a typical example. It is lowest in human albumin, in
which, however, the highest enzymatic activity was found.
Horse albumin has the highest pK, value for hydrolysis but
has the lowest enzymatic activity (Table I). These results in-
dicate that hydrolytic activity is dependent on the pK, and on
the nucleophilicity of the most important catalytic residue,
Tyr-411, in the various albumins. According to X-ray crystal-
lographic studies of HSA, the oxygen of the hydroxyl group
of Tyr-411 is adjacent to the nitrogen of the guanidine group
of Arg-410 (10). Therefore, the species differences in ester-
ase-like activity could be affected by structural changes after
substrate binding.

On the other hand, Tyr-411 and Arg-410, which are es-
sential for hydrolytic activity, are perfectly preserved in all
species examined to date, and the amino acid residues in the
immediate vicinity of Tyr-411 residue are highly conserved
among species. Thus, the significant decrease in reactivity in
rat and horse albumin must reflect differences in the micro-
environment in the active sites rather than a deficiency of
basic activity. The SA with a lower pK, can cause an easier
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Fig. 2. Plots of [log k.,/Ks]i; against pH for the hydrolytic reaction of
PNPA with HSA. Reaction conditions: 1/15 M phosphate buffer at
25°C. Plots represent mean + SD (n = 3).

dissociation of Tyr-411 residue, which can be predicted to
have a higher reactivity in consequence.

Energy and Thermodynamic Profiles

Using the hydrolysis parameters, we calculated the en-
ergy changes for the different albumins at pH 7.4. AG+, con-
sidered to be an indicator of the energy difference, is depen-
dent on AG and can be calculated from k,, (Table II). As
described above, the hydrolysis reaction of albumin is k.,
dependent. This observation suggests that the esterase activ-
ity 1s due to the energy difference between the substrate-
protein complex in the transition state (ES*) and in the
ground state (ES)

The free-energy diagram for the hydrolysis of human and
horse albumins toward PNPA is given in Fig. 3. The different
esterase-like activity of various albumins is due to differences
in AG, namely, the extent of stabilization of the transition
state,

In order to investigate the characteristic feature of hy-
drolysis with respect to PNPA in greater detail, thermody-
namic studies on this catalytic reaction were performed. As
given in Table I, AG, mentioned above, which reflects the
activity difference, is due to an entropy change (AS). Hence,
the entropic difference between the ground state and the
transition state is especially significant for hydrolytic reac-
tions of albumin. The active site of HSA to which the sub-
strate binds, having a perfect orientation to the binding site of

Table I. pK, Values for the Catalytic Group in Various Albumins

Species PK,
Human 9.2
Bovine 9.3
Rabbit 94
Dog 9.4
Rat 9.5
Horse 9.7

Average of values from 2-3 experiments, which coincided with each
other within 2%.

Sakurai ef al.

Table Il. Free Energy and Other Thermodynamic Parameters for the
Hydrolysis of PNPA by Various Albumins*

AGt AGq AG AH TAS
Species (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Human 13.9 -5.0 18.9 15.8 -32
‘Bovine 14.5 -4.6 19.1 153 -39
Rabbit 14.6 ~4.6 19.2 15.0 ~4.2
Dog 14.9 -4.8 19.7 15.3 4.4
Rat 15.5 -5.1 20.6 14.8 -5.7
Horse 15.7 -5.1 20.8 14.9 -5.9

PNPA, P-nitrophenyl acetate.

* Reaction conditions: 1/15 M phosphate buffer (pH 7.4) at 25°C.
Average of values from two experiments, which coincided with each
other within 6%.

the substrate (the ester portion) for the hydrolysis, shows a
smaller difference in entropy between the transition state and
the ground state. This is the reason why hydrolysis by HSA
proceeds more readily than by the other albumins. Otherwise,
the entropic difference can be also explained by the differ-
ences in the effects on water structure in active site(s).

Structure~A ctivity Relationships

Significant variations in hydrolytic activity were found
for different substrates, even if they contained the same func-
tional group. Structure-activity studies with enzymes have
made it relatively easy to define the structure and the physi-
cochemical features of the active sites by measuring the ef-
fects of changes in the structure of the substrate on its inter-
action with the enzyme (14).

In order to characterize the active site(s) of HSA toward
PNPA, the reactions of p- and o-nitrophenyl esters with HSA
were investigated kinetically and thermodynamically. The ki-
netic parameters for the hydrolytic reactions of nitrophenyl
esters with HSA are listed in Table III. The values of Kg

A

)
£
I
Q
=3
&)

E+S

AG
i A

Reaction coordinate

Fig. 3. Comparison of the free-energy profiles of the hydrolytic re-
action of .PNPA with albumin from human and horse. AGy, free-
energy differences; AGy, free-energy change for the initial reaction of
albumin and PNPA; AG, activation free energy.
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Table HI. Kinetic Parameters for the Hydrolysis of p- and o-Nitrophenyl Esters by HSA*

Number of C Kear Ks ko/Ks
Substrate in side chain (107357 (1072 mM) M1 s7h
p-nitrophenyl ester
PNPA C, 86.8 +4.8 21.7+03 4034 % 35.6
PNPP C, 1662+ 122 15502 1079.3 + 135.8
Butyrate C, 193+ 0.8 75+0.1 261.0 £23.9
Valerate Cs 2801 45+0.1 633+6.2
Capronate Cs 12101 23x+01 55.0+19.0
Caprylate Cq 1102 09+0.0 133.7 + 43.6
Caprinate Cio 0.6+0.0 1.0+£00 610+ 144
Laurate Cy, 03+00 13+00 257+68
Trimethyl acetate Cs 04x02 11.3+£0.3 31+1.0
o-nitrophenyl ester
Acetate C, 33x06 10.7 = 0.0 30.6 + 4.6

HSA, human serum albumin; PNPA, p-nitrophen

yt acetate; PNPP, p-nitrophenyl propionate.

* Reaction conditions: 1/15 M phosphate buffer (pH 7.4) at 25°C. The concentration of substrate is 5 mM
and that of HSA is 25-150 mM. Each value is shown as mean + SD. (n = 4-5).

decreased with increasing length of the side chain. Up to
p-nitrophenyl valerate (a five-carbon side chain) a linear de-
crease in Kg values against the increase in the number of
carbons in the side chain was found, showing that the hydro-
phobic side chain of the substrate influences the hydrolytic
reaction. However, the decrease in k,/Kg and k., values,
depending on the incremental length of the side chain, was
not a decrease but a pronounced increment in the case of
PNPP (a three-carbon side chain). This effect was one of
affinity to albumin. Corresponding to the hydrolytic differ-
ences of the various albumins, the k., -dependent hydrolytic
reaction catalyzed by albumin is due to the directing proper-
ties of binding to the substrate rather than affinity to albumin.
It is conceivable that PNPP has a structure that is more suit-
able to the active expression of albumin, compared with other
p-nitrophenyl esters. However, among structural isomers with
the same molecular weight, such as PNPA and o-nitrophenyl
acelate or p-nitrophenyl valerate and p-nitrophenyl trimeth-
ylacetate, substantial differences in activities were observed,
which are believed to be related to steric exclusion caused by
the different branches and sites of branching in the side chain.

The findings relative to the reactions of p-nitrophenyl
esters with HSA are consistent with the above experimental
studies on species differences using PNPA, suggesting that
hydrolytic activity is dependent on the activation free energy
(AG) (Table IV). Differences in the free-energy diagrams for
the hydrolysis of PNPP vis-a-vis capronate can be illustrated
as following the same pathway as shown in Fig. 3, where the

Table IV. Free Energy and Other Thermodynam

transition state of capronate-HSA intermediate (ES*) has the
highest energy of all the p-nitrophenyl esters. Stabilization of
the transition state is an important aspect of the hydrolytic
reaction, and AG is an indicator of the esterase-like activity of
albumin. As a marker of chemical conversion, k_,, is more
significant for hydrolytic activity than Kg, which can be
thought of as an index of affinity for the substrate.

The magnitude of the activation free energy (AG) is re-
lated to the magnitude of the activation entropy change (AS)
as seen from the thermodynamic analysis (Table IV). Hence,
because of the entropic difference between the enzyme-
substrate complex states (ES) and the transition state (ES*),
PNPP has the minimum value of the related nitrophenyl ester
derivatives tested and, therefore, has the highest activity in
this study. That is, PNPP has an optimal structure and a more
perfect orientation for binding to albumin than the other es-
ters during the hydrolytic reaction.

Considering the findings of hydrolytic differences be-
tween various species, it can be concluded that a AS depen-
dence of the transition state stabilization is significant for
albumin hydrolysis and that the binding of the substrate to
albumin is a contributing factor that determines activity.

Structural Mechanism of Esterase-Like Activity

The catalytic reaction of serine-proteases, a primary hy-
drolase, can be divided into two processes. Initially, the en-
zyme and substrate associate to form a noncovalent enzyme-

ic Parameters for the Hydrolysis of Esters by HSA*

Number of C AGy AGg AG AH TAS
Substrate in side chain (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
PNPA C, 13.9 -5.0 18.9 15.8 -3.1
PNPP C, 13.3 -52 18.5 16.3 =22
Butyrate C, 14.2 -5.6 19.8 143 -5.5
Valerate Cs 15.0 -5.9 21.0 14.7 -6.2
Capronate Cs 15.1 -6.3 21.5 12.8 -8.7

HSA, human serum albumin; PNPA, p-nitrophenyl acetate; PNPP, p-nitrophenyl propionate.
* Reaction conditions: 1/15 M phosphate buffer (pH 7.4) at 25°C. Average of values from two experi-
ments, which coincided with each other within 4%.
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Fig. 4. Binding model for PNPP in site Il of HSA (A) and the X-ray crystallographic structure of the HSA-myristate (MYR)
complex in site II of HSA (B). The illustration was made with the RasMol program.

substrate complex, which is held together by interactions be-
tween the hydroxyl group of the serine residue and the
substrate (referred to as a catalytic triad). This complex rep-
resents the first tetrahedral intermediate. Water is then in-
volved in the formation of the enzyme-product complex via a
second tetrahedral intermediate with the acyl-serine. This is
followed by transacylation from serine to water. In addition
to this catalytic triad mechanism, a region of the enzyme,
termed the oxyanion hole, has been reported to exist and
which promotes catalysis by providing transition-state stabi-
lization (29).

The catalytic reaction between HSA and PNPA can be
expressed quantitatively using the Michaelis-Menten equa-
tion. Means et al. reported that, after combining rapidly and
reversibly into an active albumin-substrate intermediate, p-
nitrophenol is generated and rapid acetylation occurs at the
reactive residue, Tyr-411 (2). Ohta et al. observed that the
second reaction, deacetylation of acetyl-albumin, is consider-
ably slower than the first step (13). Except for these findings,
little is known concerning the esterase-like activity of HSA.
For example, there have been no reports concerning the pos-
sible presence of a catalytic triad or an oxyanion hole, as has
been reported for serine-proteases.

In order to elucidate the detailed catalytic mechanism of
the esterase-like activity of HSA, the influence of deuterium
oxide on the reactivity was investigated. Subsequently, a com-
plex of PNPP, showing the highest activity among the p-
nitrophenyl esters tested, and HSA was constructed using
computer modeling techniques.

Isotope Effect of Deuterium Oxide

The involvement of a water molecule and proton transfer
can be evaluated by measurement of the deuterium oxide
isotope effect (14). The influence of this molecule on the
hydrolysis of PNPA by HSA was investigated to track the
behavior of the proton (data not shown). The result can be
regarded as a reflection of the acetylation reaction that occurs

during the first step of the hydrolytic reaction, generating
p-nitrophenol. Because no significant deuterium oxide iso-
tope effect could be detected, this implies that a water mol-
ecule is not involved in the hydrolysis catalyzed by HSA.
More specifically, the first step of the hydrolysis does not
proceed via general acid or base catalysis, but is predomi-
nantly due to the nucleophilic attack of Tyr-411 residue.

The same proton exchange technique has been used to
investigate the catalytic mechanism of many serine proteases
(30). In these cases, the reactivity was dependent on the mole
fraction of deuterium present, suggesting that the isotope ef-
fect observed for these reactions originated from the active-
site serine hydroxyl group (i.e., the reactions involved the
formation of catalytic triads). The current results are in con-
trast to these findings and imply that a catalytic triad is not
involved in the hydrolysis of PNPA by HSA.

On the other hand, using N-trans-cinnamoylimidazoles
containing amide bonds as model substrates, during the sec-
ond step of hydrolysis, the deacylation rate of the cinnamoyl-
albumin was found to be about 3- to 4-fold smaller in deute-
rium oxide than in water (13). This deuterium effect indicates
that a water molecule plays a role in the deacylation reaction.
Therefore, general acid or base catalysis rather than nucleo-
philic catalysis predominates in the deacylation of cinnamoyl-
albumin. The deacetylation of acetyl-albumin, in the second
step of the hydrolysis of PNPA, appears to proceed according
to the same mechanism as N-trans-cinnamoylimidazoles.

In summary, the hydrolysis of PNPA by HSA could take
place as follows: HSA is initially acetylated as the result of a
nucleophilic attack of Tyr-411 on the substrate, and the
deacetylation of acetyl-albumin then proceeds via general
acid or base catalysis involving a water molecule.

Three-Dimensional Structure of the Modeled
HSA-PNPP Complex

In the model of HSA-PNPP complex, the binding of
PNPP was similar to that of MYR-1004 in the X-ray structure
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Fig. 5. Simulated mechanism for the hydrolysis of PNPP by HSA.

(lo) (Fig. 4). The p-nitrophenyl moiety of PNPP is bound to
the hydrophobic pocket of MYR-1004 in the X-ray structure.
In addition, the p-nitrophenyl moiety is associated with the
aromatic residues of Tyr-411 and Phe-488. The hydrogen
bond between the hydroxyl group of Ser-489 and the carboxyl
oxygen atom of PNPP stabilizes the complex. The ethyl moi-
cty of PNPP is bound to a part of the hydrophobic pocket for
MYR-1003 in the X-ray structure. The distance between the
phenoxyl oxygen atom of Tyr-411 and the carbonyl carbon
atom of PNPP was found to be about 3.8 A and might enable
a nucleophilic reaction. The side chain of Arg-410 forms a
hydrogen bond with the carbony! oxygen atom of PNPP, and
this hydrogen bond could function as an oxyanion hole.
Moreover, The distance between the phenoxyl oxygen atom
of Tyr-411 and the carbonyl oxygen atom of PNPP was about
2.8 A, thus favoring a hydrogen bond formation. This hydro-
gen bond could account for isotope effect observed for the
acetylation of HSA (Fig. 5). This model is consistent with the
experimental results; that is, Tyr-411 as the catalytic residue
(2,10) and the importance of Arg-410 (10), as mentioned
above. ‘
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