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BESEHRFARETE (FHRNDBAERERLARER)
DBfAZEEREE

(RAEHEOEE - & U — RAGKICHTBTH 1>

DEMRE [ EE MIATECEAN EERERWRA ik oU—-—>J702x 0k

AERERREE. KIBNACHITDMITHERZEBRIFAUUEIFHR/ A AT —H—E [[EE
C4.4A ] ZHEERHTIREIRE / VO —FHIWFEZE [ D 7 —SHiE S T S U] (CKDEUE L.
BN EROELEBRFARNZHMBEEZERELLDETRIEDTH D,

RRICA. AADFEBENKB AT T DMITHEROY—H—ERDEBD 2 &(FE. DEEDRS
CRKDRHEETNTNSBA, BRICA4AARRERE T DHODTE ) IO0—FIWTUANERETE TS
57, RZEIHEMIEERIEIN TRV, SR, B4 (A0S RERH M LT, 13088
HOZFEREIT DT 7>t NHES A TS UDBERICHING 272 E. 53—
I RIARTEN 2B CEBA MR E R LEAH THD. AAFTOENZIERT DHICE.
FREICA 4AICK T BRI EERIO—-EEBL. ROU—-Z 0932 TENOTIAZEEY
DIENDD.

FTIT. KEETERANEBLUTWBR I 7 —HES A TS URRBWTIRRICS 4AICH T DE
BT/ oO0—FHIWRMRIEOEIS Z M1z,

A. HEREN BWBE(C(E. FEMEZREZER T, BE
KRB ADHEEZERL. MEROUIRESRZ  OQOLOELEICESHDI L. BIEREHERIC
RWZREBZIICL>TITONTWNS., T BUERIEROHEENKRDOSN TS,

RIEZKIICHBVWTEEDOBRECREEESR DR, DEEOHES(E. NADIRRE(CE
BX 200, AT - A (stage 11, II1) 59 3GPI7>H—EHE : C4.4AD [HHiEHE
DBEHHORETH D, ANDBTES . RIEEIINA AT —H—PEFEL

FRIRXF—HATE ]7E. UZEER  RUIMITHERZFALESZEZRELT
DOBEICKDBERFMNRESTNTLD. Hi BD. INEBEFDOU/EEBEEHED
Z(E, U/ EERBE L (stage II : BRE CET. FRABINAGREERTRIRZMNCE
15%) TEHRAESETSHD., U /&R - A3 0EEEERIEDTH DI,

BD (stage IIl : BRE3S5%) (C(JEIBEFR CNETDHRSOIRFTIE. U ) (EiERfE
ZEFITRTERNEWSERNS, BFEL 2% (stage II) M DEREIC4.4AIRRETH DT
BRWEEOZOIEEMCMRBICEEENER  BEES.1%THHIDICH L. U ) EiEsElm
ETNTND, CDOKDICIRTETIE, stage I, % (stage III) MDREIC4.4ABETH DT
stage IIDEEATHIEREREMIKENTS BEE. EIC64.3%DHEXRTHERIDISEN
57, IEBICASEBREENMTONTED. BShERD . —A T BUU )/ EiERE
FBECEUVVWEEDERREZBIEIHRNETIE. B4 (stage III) THo>THE. C4.4ANRME
BRICERINSHFEECAD>TLND, DT, THNE, BFEXKL16.7%Estage [IOBHR
PRI —HACBVWTIE, EBEROF REAENMRBWITEEHEMNERDE (Table
BEEZER LESEB I ET. OTBBRL (B 1) ., Bl5, JRBIC4A.4ADFRIRIC L DEISEF
EIRERE) ZRHACFR UERH EE (F 2. BEOU /BB (C K DEBER
BEE) Ztd &, QEBBEROURIN EZHoBERSIS(CELEEIE. RBAADE
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HIEEICKDETCROER, 5(C(E, ik
{EZEEBEDBEIELIC LD EEQOLDME LD
BICEMTE 3R iens. U
LRH'S, REIC4IAZFHERLE T B/26HHD
T/ oO-FILFEADEBETETHE ST, K
ST EEA{E SN TLVRLY,

AT TIE, UM U CHERICA 4AR TR
RETEBDNAHZEEE T D2NHRA > b &R
B, INFETHESIE. C4.4ADNKIFEEICXT
IR OO-FILTEN R Az R1E T
BT & —HTGPIVZ > h—mEDR T F
R(Cx 3 BRUO0O—F LR R &8
<PEEBITBTERASHELTND, TDRE
EREDERN S, C4.4ADGPIT7 > H—aE
PEIED1877 = JEEDH(C(E, JRRICA.4ARSS
ENCRE TS I3EAMEE (TEND) A
BEFENDTENBIRBENDIEDD., €D
EMIIEBE S TRV, BEOE./JO-FHIL
FUROIE b—F(E5-87 = &SN, D
187 = JBEDH(CHEROITE h—TDFE
MRIBENDI=8., FREIC4AAZHFERH T
EIE/OO0-FIVEDREICE. 018
P )BERLELUT, TES-THERS
FARZEHEEE L, TOHRNSERCS A%
BEIBMTEZ3O0->2A0U—-2207
DRENDD,

COE. BLEMBEDD 7 —RERRE
EEWERL. 55033 —X(C{TBd e~

BHUAS KU NURD FHUAZEISEIEERR.

130BRBED T 7 —SHRS A TS U ZHEE
BAHTHD. BEOVAERETIIESHEE
RUSBMENRTF RFEITAZ BEEEREL
ERBEEEITDRE. ABRBERBEICHITDH
FREBZMB(ICERTEIERZHREBLTL
b, FETHEEHLELDIC, INETDFHF
SORETMNS, GPI7 > A —IAEERC TS
RUOO—FIJUTRRICIRRICY AAZ BT
BN EEND EFEEIND. TDESD,
GPI77 > h—iafEICx g DA ZEEEE L.
AOY—Z>093Z ETHNDIRZIER
TRIZEN, KARDOENEERTEDEE
25N,

TCT, REETEHRADNBLTWVWDT 7
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—ZHAS A IS URBOTERCS 4AICH
FTIRIEROE ) OO—FILIKEROEE %
AT,

_Table 1 : PERT—-SABEOERE(n=82) &S5

(+)stage III

(—)stage 11

B. HixAE
RIF REEEH > INTBEDER

GenScript #H(CHFEL . FTRICTRTDO~@
DORTIF REEEY I\ OBEER U,
OAGHQDRSNSGQYPAKGC #i&& KLH
@SGQYPAKGGPQQPHNKGC #&& KLH
QAGHQDRSNSGQYPAKGC #i&& BSA
@SGQYPAKGGPQQPHNKGC #&& BSA
LB, AGHQDRSNSGQYPAKGC (4 C4.4A301.
SGQYPAKGGPQQPHNKGC (& C4.4A300 & B
g 3.

SN EESE
A )NOEDE=ZI(C(E. BCA protein
assay kit (Pierce) Z{ER U,

AL Fa1—TCKBIN>Z>T
& R JF F R & & BSA
(  C4.4A5p;-BSA:11.38 mg/ml .
C4.4A309-BSA : 3.36 mg/ml) & EHJLRF*
—kS\w 77— (pH 9.6) T C4.4A3p;-BSA
(3 1000 &, C4.4A300-BSA 300 ZCHFRU.
10 pg/ml OFERZRAEE. Nunc LS F
21— (Thermo SCIENTIFIC) (TRIIL T,
FRT 12 BEEREL. EfbLiz. 2% X
FAZJLT/PBS 5 mIRIIL T, BT 26
MEgEL. JOov+>duk., JOv+F>d
BOALF1-TICERT 7 —HARSA
JZ1J 1 ml. PBS 600 pl. 4% AFALZ)L
27/PBS 2 ml. 10 mg/ml BSA/PBS 400 ul
ERIU T, =BT 30 ofEEs. 30 il
BU. IRE D7 —SZEFBESIEE. 0.1%
Tween 20/PBS (0.1% PBST) & PBS T& A4
10 [E%E3%4#. 100 mM triethylamine (pH 11)

AN



Z 1 mlRiUT. 5 DREEEEF L. out put
Jr7—iERzEEIR Uz, EIUXUTE out put
JT7—/EIC 1 M Tris-HCI (pH 8.0) 500
ul ZRIUT, 0. out put 77—
(1%&3 2YT i’é:‘itﬁ'c" OD600=O.4~0.5 ifi‘é%
UTHWEXBE TG1 #KI(C 37°CT 30 O
RSz, out put J7—SHRRE UK
RE TG1 #%kn—Ep&ER LT, R, 1005
AR, 10000 BEHREE. 100 pl/ml
ampicillin. 2% glucose &4 LB i~ —
NCHBEEL., 90 59—ZFRIELEZ. BDODOK
FZE TG1 #k(E 4°C. 3300xg T 10 &
%, 2YT B TEREBLZ. TD%. L&D
TL—hNCHEEURE. 91459 —RERDTL
— MME37CT 12 B, 2T L— &
30°CT 12 BFfEEE Uz,

KIBE TG1 #RER T 7 — D&

EETL— M 10% glycerol &4 2YT 15
S miRIiLT, le/“/’; —THNNCH
MUTz. MNUEXRBEDO—E% ampicillin
(#8100 pg/ml).2% glucose &4 2YT
E#CHEMLU T, 200 rpm. 37°C T
OD600 O 4NO 5 itiﬁ%bto %@'?é\ ig
BR 10 ml A= T7—2  (2x10%?
pfu/ml) 200 pl ZZHRML T, 37C. 30 &
ML=z, 3300%g. 10 HEBELLT.
ampicillin (#&2~& 100 pg/ml).kanamycin
(#BE 50 pg/ml) &8 2YT B THERE
L. 30°C. 200rpm T 12 BMEET 3 &
T, J7—>mEESEE,

J 7 —DEYR

KIFEIEERZ 3300%g, 4°CT 30 iz
DUT. BE 40 m (S LT 20% PEG/2.5
M NaCl 10 mIiRIL. EEIOKET 309
MERE Uz, €DE. LEEOREFTELLUT.
RLw 28K 40 ml. 20% PEG/2.5 M
NaCl 10 ml TEBEEU. K ET 30 2HEFHE
Uiz, BE. LROERETELLT, RLY
%z PBS/10% Glycerol 2 ml (CEBEB L.
11600xg, 4°CT 2 o= (IC_EF&EEUR
Uz BBl EEDA L/ Fa1-TICKD

22

IO KIGE TG1 BRRRER D 7 — S DIF
1@ Jr—>oERZ 2 BgEDRUE.

REEIBE EEZRAVZELISAICKB ROV
—:/7
D PBICENRUE T 7 =% KBS

TGl RICBREEE, £U000°2—-%2F
ampicillin - (#2E 100 pg/ml). 2%
glucose &6 2YT BihZEZHRIML THLVE 96
welldeep FL— MCEwWo7vFL, 1000
rom. 37°CT 2 BFRIBEE LUz, BERO—ED
[C 50% Glycerol ZZ&MUL. -80CTHEFEL
. D D EE ORI 5 mM
Isopropyl-B-D-thiogalactopyranoside
(IPTG) Z=# ML T, 1000 rpm. 30CT
12 BREEEL. BELBRC—AERAK
(scFv-FLAG tag) ZEE£ItEZ. TDHE.
1800xg. 10 9 T&ELOL., BEEZELEINL
1o

A& 96 well L — b (Thermo
SCIENTIFIC) IC& R F RS BSA
( C4.4A50,-BSA:11.38  mg/ml .
C4.4A300-BSA : 3.36mg/ml) ZEHJLARF
(& 1000 1&.C4.4A309-BSA 300 B (CHIR L.
10 pg/mi OEEZFEE. 96 well L —
([CAMUT, BRT 12 BEEBEL. Bt
Uz, ®D#%. PBS T3 EEELU T, 4% R
:FJAEH/O/PBS 200 ]Jl AL, ERT 28
FEELfE. JOvF>2Jn%&. 100 BHR
L 7= Monoclonal Anti-FLAG M2
(SIGMA-ALDRICH) & EEETEURUZIEE
.ti%’a’:% 20 Ul\ 80 [JI TD;J\JJDL/T\ =R
T25MFBEL. RIGEETZ, 0.1% PBST.
PBS T& 3 B3 D3EA L T, 10000 EHIRL
/= Goat Anti-mouse IgG-HRP conjugated
(Abcam) ZRINL . BB T 1 BREFFET D,
BE. 0.1% PBST. PBS T& 3 E¥ Dk%
U T. TMB+Subtrate-chromogen (Dako)
100 pl ApOL. ERTHEL. RIibEEZ.
%O)ﬁféx 1M HzSO4 50 l..l‘ /IJ\JJHL/\ JS'i)TG%E{?
LEEE. ODyso THRHEZRIE LTz,

[



S — DT AT C K DIEREIIRTE
BHR5) A ARASHITAREL, > —
> ABEEAT DI,

T

OAME scFv DEEAFRE

FY ELISA [CRKBROU—-Z>TICLD,
BRIFRICHUTHREEEE T IRST o
JoO—>0uiAEl scFy BEAFEUE,
scFv OEAFE(CRL T, L5 scFv OFE
EFECBEROFETITOE. €DE. KB
& TG1 #%IF&E®R % 7000 rpm. 4°CT 159
&G L. EE% 0.45 um PES Ja LY —
TRBUE. Fz. RUTSZTLEBEDICHD
scFv ZEINT B/=HIC, FE>EXLwvbh1lg
[coEE=ER/\y J7— (500mM X200
—Z. 30 mM Tris-Hcl, 1 mM EDTA) 40 ml
Zanl LT, BE#I(C 3500xg. 10°CT 30
pEEOUZ, BME. EBEZEIET. RLwv
N1 glCDEB UK 25 miEmu
T, BEH#%IC 10000xg, 4°CT 30 D=L
U7z, 5% 0.45 pl PES T+ )LY—CilB
L/t\ E'EE?)J(CIEIHYL/E_I:%&:%::L/ 9//\
DERERICHUIE,

AlAMY scFv DR
Ultra-linked rProteinA resin ( Sino
Biological) ZfEHE L. BIiaM scFv Zi5&
J=. FE9, Bl 100 ml EHLUT. resin
ZHE L. PBS 100 ml TREEHE L. T
B2 (CEUR U ZeliEE scFy iakZER U T,
PBS 100 ml. 0.1% PBST 100 mi. PBS 100
m DIETHELEZ. TDE. 0.1 M
Glycine-HCl (pH 2.7) % Protein A 7315 /A
[CARIALUT, scFv & 1.2 ml 3”'_3 5 Eﬁ(v_/ﬁ\
HU. 1 M Tris-HCI (pH 8.0) 300 pl TH
o=,

scFv M4 )LiEiA

scFv O JLIEBI(CIE AKTA Pure (GE
Healthcare) ZERAL. HS5 A HiLoad™
16/60 Superdex™ 75 Prep grade
(Amesham Bioscience) Z{FERBULZ, <—
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H—&EUTZDRMUSIETILIT Z> (OVA:
40 kDa) ZBA L. EEAXEDDHZEUX L
1=o
T IANDGEE
BALB/c. MRL/MpJlJmsSlc-lpr/ipr ¥ X
(6 week, 2) (& HARSLC KDBAUE.
KIIXRIT Titer Max Gold ERTF REES
KLH ZE& U, & 50 ug/mice & 1 ERS
F(C 4 EIVDORDOEEE T KBRIUBEEHA(C
% 50 pl 9D (KERUEEAFANIC(ERE 25
9D) BELIZ,

FfE 0 X DY R ERAMERIE

96 well FL-— b (Thermo SCIENTIFIC)
(CEAIRR— N\ T7—T 10 ul/ml (T
AR UEERTF REE KLH ZRNU. =R
T12 H%Faﬁé%ﬁ%bto D%, PBS 'C 3 [E135E
ERT 2 BRI E U= jD‘J:‘:/da}fé
0.4% JOvOI—XT2/E9D6EMRCH
*R (27 28 29 210 211 212 213,{::;%%}?) L/
7—:1]315}?%//1“))[] L/ :z:/ml_c 1 E%FB% ﬁ%% th.o
0.05% PBST T 3 E%&F Uiz, €D, 0.4%
JOwv oI —XT 10000 BHRULUE
Anti-mouse IgG-HRP conjugated (Abcam)
100 pl AIIL. =RT 1 BEFELZ.
0.05% PBST T 3 B Uz, HHREIC,
TMB+Subtrate-chromogen (Dako) 100 p
AL, BTtz FEEg. 2 NH,S0,450
ZRE U,

C. HRFER
RTIF REEE BSA ([T BHAREME
AEETIE. 2D C4.4A D GPI 7>
—IEBEDORTF RICHEET S scFv 0O0—>
DOHEZ BN & U FXTF RIES BSA (O
BRI 7RSS UZFALUT,
R C4.4A (O T DES IO—FILIUKME
%ﬁwﬂyfeaﬁafﬁ_o TNZETIT C4.4A D GPI
> H—IEBICH T BRU IO~ UL
Bﬁﬁ” C4.4A ERBHIT D ENBEINTL
BT EMS, FESHRUIO—FILFURDE




BIERUERFERTF REMER U, Ez.
CNFETORSTCKD . GPI 7> h—aE(IC
JER C4.4A ZHRHENICREMTEIIE M
TEFENBDENBREINDIENS,
KD GPI 7> H—iREEDR AT F REEH
Uz 8RR I 7 —HRS A TS URBWT
3 @D/, 39 TD
output 77 —REXRBEZE./JO0—->
{EL. ZDEBEEZAUE ELISA [CXD
C4.4A301, C4.4A50 [CHEEHEZB I BIRTT
1 JoO0—>%2R0 =20 Uz, IREE
0.5 U ETHBU0— 805l U=#E5R.
C4.4A301. C4.4A300 [CH U THAHERETD
AEEEDHBIRST 4 T oO-2EZNEN
69. 32 ETH>/= (Fig. 1). TDH., >—
DIRABBRICKD, (BlOO—> DERAED
BIZRE U ET B, C4.4A50, (T LT 4758
$8, C4.4A300 (CXF LT 8 FEFED scFv U0O0—
BB LT,

I I ZNDGIE
REBEIIADEENSHRED 7 —ZHES
AT SUEEETBEHIC, £9 C4.4A50.
C4.4A300 & KLH Z& <X (BALB/c.
MRL/MpJImsSlc-lpr/lpr) (CHBBEURE. B D
C4.4A ERIAD C4.4A DHEBMLSENS
EMS. C4.4A (TR T DHKRMMN EF L7RL)
AEEENE X SNz, AR TIREETE
JOO0—FILMEOBREBICERENDS
BALB/c ¥ IUADMICEEREEEIIRAT
&3 MplImsSlc-lpr/lpr ROXEMERALE. &<
DRC 4 EREZOTFERENTVAMED LR
EEMALEECS. IYIRICBNTHDRR
EEMRHSNE (Fig. 2). SEIE. ®ED
7 —=ZHARS A TS URBET BEHICHK
MEHEEICEREITREDHICITIAN4ER
BUlz, UL, —iEMICREmEiaiEy™y
ZECKD, YIRERTOFRINMER AN HE
HTUARDEENRL TR EMNEZISNTLY
. TDESH. C4.4A (T TRk ELDE
BEVE T RI2HCIE. TOANDREBEE
RE(L T IRINURETHINE LNV
. SEZORICELTERITLTNL,
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D.

® |k m

BR
C.HAZEMEROMICEH.

SERIUTOMREESR,
REDT 7 —SHRSA TS UZRAL
T. C4.4A ORBREFEDR T F R(TH
I RITARDEEZRAHEHER. BN
TFRICHEESTDA0EEZETD 128
ooO—->=EELE.

i

fEFREMESEIH
BV,

. HRER
. RMHER

®o
FERER

® |\ FE, IEE, ZBE—8, K
81, RRME, SMEH, KT,
REEE, ARE—, 18 RRHRFE
REBEC BRI 7 -SHRESATSUD
BEREzORENM., BARZERE
134 ., &K (B8X) , 2014 & 3
A.

@ IMVRRELE, B FF, RS, &
EisM, REF—M, REAFE, AEE
—, I RRIIERED 7 —ZHAESA
TSUNSDFUARBORE(LICET
SEEIRT., HARFERSE 134 &%,
BEA (REAR) , 2014 3 8.

® | FE, IRRELE, ZE—8, X
FELT, RRNE, SMBH, RF—
, EEE, AEE—, B BRR,
FIMIERE D 7 —ZHASATSUD
BELZOMEFE., 5 30 EEXK
DDS #=., BR (&= , 2014 £ 7
A.

@ ZBE—8, | FF, BZRIE, &
EiEH, RT—M, REFEZ, AAE
—, B BREUMBCHEEUIFRELC
NUD 7 —ZHRS A TS U DREFT



ffi.,, BAEFRE 135 Fx., #FA (2
E) ,2015% 3 8. (BXFE)

® Mukai Y., Ogura T., Misato K.,
Nagano T., Higashisaka K.,
Yoshioka Y., Nagano K., Kamada H.,
Tsunoda S., Tsutsumi Y. : Creation
of a novel non-immune phage
human antibody library which
consists of four stable VH-VL pairs.,
5% FIP Pharmaceutical Sciences
World Congress ( PSWC ) ,
Melbourne (Australia), 13-16 April,
2014.

® MukaiY., Ogura T., Misato K.,
Nagano T., Higashisaka K.,
Yoshioka Y., Nagano K., Kamada H.,
Tsunoda S., Tsutsumi Y. : Creation
of a novel non-immune phage
human antibody library comprising
four stable VH-VL pairs., 2014 AAPS
National Biotechnology Conference,
San Diego (USA) , 19-21 May,
2014.
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*E4t}ﬁj§ : C4-4A301"‘BSA @*g’{bm C4 4A309 BSA

BEHB{LHUR : BSA (control) EHB(EIR BSA (control)
p P
P ‘ P
N N
N N
M ' M
0.1 e—) 5 0.1 Cree—) . 5
0D450 0D450

M : medium only, N : Negative control of sup.. P: sup. With anti C4.4A scFv

E1 ELISAIC X SHMTEFF(M

Serum-anti C4.4A,,, IgG Serum-anti C4.4A,,, 1gG

8192 4096 2048 1024 512 256 128 8192 4096 2048 1024 512 256 128
#BRER FBRER
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We study several free energy calculation methods in the dissociation process of lysozyme and its
antibody. We introduce the multi-step targeted molecular dynamics (mTMD) method to determine the
dissociation pathway. The dissociation free energy calculated along the mTMD dissociation pathway is
significantly lower than that along the dissociation pathway determined by the steered molecular

dynamics (SMD) method. This indicates that SMD leads to a meta-stable dissociation state. While the
SMD restrains the distance between the two proteins, the mTMD restrains the internal structures
additionally. We discuss the effect of fragility of the protein structures on the free energy calculations.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Interactions of proteinaceous antigens with antibodies play
important roles in the immune system, which recognize and
remove foreign molecules. Because the antibodies show high spec-
ificity and high affinity for the antigens, there have been many
attempts to develop artificial antibodies that can be used for cancer
treatments [1,2]. In particular, efficient antibody design is one of
the important subjects in the pharmaceutical field, and therefore
many computational studies have been conducted [3-5]. For
designing a new antibody as well as investigating the antigen-
antibody interaction, accurate calculation of the binding free
energy is critical. However, it is still difficult to calculate and pre-
dict the binding free energy accurately, despite of the rapid
advancement of computer. Although several alchemical free
energy evaluation methods [6] with all-atom molecular dynamics
(MD) simulations (e.g., MP-CAFEE [7-9]) have been applied to
small compound-protein interactions successfully, those methods
require huge computational resource for the protein-protein
interactions.

The potential of mean force (PMF) is one useful property to
describe the free energy change associated with a dissociation pro-
cess. In the case that a ligand is buried deep inside the protein, it is
quite difficult to define a one-dimensional dissociation coordinate
due to its high-dimensionality [10-13]. In contrast, a typical inter-
face between an antigen and its antibody is not too intertwined,
and thus the distance between centers of mass (COMs) of the

* Corresponding author.
E-mail address: yamashita@lsbm.org (T. Yamashita).

http://dx.doi.org/10.1016/j.cplett.2014.06.028
0009-2614/© 2014 Elsevier B.V. All rights reserved.

proteins can be simply used as a dissociation coordinate [14,15].
For example, a complex of hen egg lysozyme (HEL) and its anti-
body, HyHEL-10, has a smooth interface (Figure 1). The purpose
of the present study is to assess several free energy calculation
methods in the dissociation process of HEL and HyHEL-10. Note
that this system was extensively studied from the experimental
aspects [16-19], and therefore can be regarded as one useful
benchmark system.

To calculate a PMF with the umbrella sampling (US) technique,
the steered molecular dynamics (SMD) [13,20] is often used to gen-
erate initial coordinates for each window region. However, this
kind of methods always overestimates the experimental binding
free energy largely. Although several new approaches that adopt
Jarzynski's equality for extracting a PMF from SMD trajectories
(JE/SMD) [21,22] have been studied very recently, to develop an
accurate PMF calculation method is still a challenging subject.

While SMD restrains only the distance between the COMs, tar-
geted molecular dynamics (TMD) controls all the protein coordi-
nates and leads the system to a target conformation [23]. In the
present Letter, we modified the TMD method in order to determine
the dissociation pathway more strictly, and used it for preparing
initial coordinates of the US calculations. In the new TMD method,
the TMD simulation is split into several steps, and therefore the
new TMD method is called multi-step TMD (mTMD).

Because the SMD method restrains only the distance between
the COMs, the pulling force has the potential for distorting the
structures of proteins artificially. In contrast, mTMD restrains all
coordinates of selected atoms and can keep the respective protein
structures, while extending the distance between the COMs. As
discussed below, the dissociation free energy calculated from the
mTMD dissociation path is lower than that from the SMD
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Figure 1. Antigen-antibody system. Red and blue ribbons are HEL and HyHEL-10,
respectively. Gray dots represent water oxygen atoms. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

dissociation path. (In the paper, the dissociation free energy is
defined as the difference between PMF values at the minimum
and dissociated structures). This result indicates that the SMD
leads to a meta-stable dissociation state. We discuss the effect of
the artificial deformation of the proteins on the free energy
calculations.

2. Methods
2.1. Materials and equilibration

In order to obtain an equilibrated reference structure, we con-
ducted three isothermal isobaric MD simulations for 200 ns and
selected one final structure. The initial coordinates were taken
from the crystal structure (PDB entry: 2DQ]J) [16]. For the proteins,
we used the FU]JI force field [24], which was recently proved to be a
good force field [25]. The complex was surrounded with 18464
TIP3P water molecules, 55 Na* ions, and 60 Cl ions. Temperature
and pressure were controlled by the Nose-Hoover method
(T=298K, tr=1ps) and the Berendsen method (p=1atm,
T, =10 ps), respectively. The time step was set to be 2 fs. All the
chemical bonds were constrained with the LINCS method. The
long-ranged electrostatic interactions were calculated using the
PME method. All the MD simulations were performed with
GROMACS ver. 4.5.5 [26] in this work.

2.2. Steered molecular dynamics

The distance between the COM of HEL and the COM of HyHEL-10
was employed as a dissociation coordinate. For the SMD simulation,
the distance between the two COMs was restrained with a har-
monic potential, the force constant of which was set to be
4000 kj/mol/nm?. We examined three different pulling speeds; fast
(0.00125 nm/ps), medium (0.00025 nm/ps), and slow (0.00005 nm/
ps). For the fast, medium, and slow pulling speed, 24, 12, and 12
SMD calculations were performed, respectively. By using the
Jarzynski equality, PMFs were derived from the non-equilibrium
works of the pulling force directly.

The US is another method to calculate the PMF along the disso-
ciation path. Here, we determined the dissociation path by using
the SMD simulation, which is described above. The distance
between the COMs of HEL and HyHEL-10 is about 2.76 nm at the
equilibrated reference structure, so we selected structures the
COM-COM distances of which were nearly equal to 2.8, 2.9,...,
4.0 nm. The structures were used as initial structures of the follow-
ing US simulations. This procedure is denoted by US/SMD. Here,
three PMFs were calculated for three selected slow SMD trajecto-
ries, respectively. In each US window, four MD simulations with
different initial velocities were performed for 10ns. All the
parameters of the US were the same as in the equilibration MD cal-
culations except for the presence of the umbrella potential. The
sampled data were merged with the WHAM method [27] to derive
PMFs.

2.3. Multi-step targeted molecular dynamics

To increase the COM-COM distance with keeping the respective
protein structures, we developed a new type of the TMD methods,
the spirit of which is to lead the system to a given target structure.
While the original TMD method [23] decreases the root mean
square deviation (RMSD) to a target structure gradually, we
employed the following stepwise strategy. (Accordingly, the new
TMD method is named multi-step TMD (mTMD)). First, the
COM-COM distance of the reference structure was increased to
2.8 nm by conducting the translational coordinate transformation
of the respective proteins along the vector connecting the two
COMs. After that, a MD simulation was performed for 200 ps. Dur-
ing the MD simulation, all the heavy atom coordinates of proteins
were restrained to the coordinates of the reference structure with
harmonic potentials. The force constant was set to be 1000 kJ/mol/
nm? Then, the COM-COM distance of the reference structure was
increased to 2.85 nm by conducting the translational coordinate
transformation. These procedures were iterated until the COM-
COM distance exceeded 4.0 nm. The final structures of the mTMD
simulations near the distances of 2.8, 2.9,.. ., 4.0 nm were used as
initial structures of the following US simulations, which were
exactly the same as in US/SMD except for the initial coordinates
of US windows. Thus, in the US calculation, only the COM-COM
distance was restrained with the harmonic potential and the
sampled data were merged by WHAM to obtain the PMF. This US
procedure is denoted by US/mTMD. Four PMFs were calculated
for four mTMD trajectories, respectively.

To examine the US/mTMD method in more detail, we calculated
PMFs for the LN32D mutant [19]. The initial structure was taken
from the crystal structure (PDB entry: 3A6B) [19]. The computa-
tional procedure and parameters for this system were the same
as for the wild type (WT).

3. Results and discussion

Figure 2a shows non-equilibrium works for 24 fast, 12 medium,
and 12 slow SMD trajectories. When the pulling speed was slower,
the non-equilibrium works distribute in the lower energy region.
In the JE/SMD method, non-equilibrium works of SMD trajectories
were averaged through the Jarzynski equality [28] to lead the
PMFs. Therefore, the PMFs calculated by JE/SMD with fast/medium
speed overestimated the true PMF, although the exponential
average form enhances the effect of the low non-equilibrium work
(Figure 2b). The fast/medium pulling, which requires reasonably
short trajectories to dissociate the antigen from the antibody, is
not so considerably faster than that used in the previous report
[21]. However, the overestimation of PMF indicates that several
orders of magnitude more trajectories should be required to obtain



52 T. Yamashita, H. Fujitani /Chemical Physics Letters 609 (2014) 50-53

—
2
~—

800 [ : ; . : .
700 + US/SMD - i
= Fast SMD -~
E 600 'Medlum SMD ............... o
= 500 Slow SMD ——,
< 400
S 300 f
= 200 f
100 p
O i i i ! I
28 30 32 34 36 38 40
COM-COM Distance (nm)
P2 800
S 00l USSMD o T ]
g Fast SMD e
2 600 I Medium SMD «wveeeeee 1
> 500 + Slow SMD ——— .
2 400
& 300
g 200
u 100
0

28 30 32 34 36 38 40
COM-COM Distance (nm)

Figure 2. (a) Non-equilibrium works for fast pulling (pink), medium pulling (blue),
and slow pulling (red). For comparison, PMFs calculated by US/SMD are given in
green lines. (b) PMFs calculated from the non-equilibrium works through the
Jarzynski equality. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

the correct PMF. In addition, the exponential form of Jarzynski's
equality makes the statistical averaging difficult [29]. Even though
the non-equilibrium works of the slow SMD distributed in the
lower energy region than those of fast/medium SMD, they were
higher than the PMF calculated by US/SMD, and thus resulted in
the overestimation of PMF (Figure 2b).

Cuendet and Michielin [21] considered that the main reason of
the overestimation was that the artificial pulling induced rapid
internal rotation and deformation. They introduced internal con-
straints to modify JE/SMD and showed their new method could
improve the PMF calculation markedly. The US method may also
eliminate the effects of the internal rotation and deformation to
some extent. In fact, the US calculation sampled data directly from
the equilibrium states, while the preceding SMD calculations were
used only to generate the initial coordinates for the US trajectories.
Thus, the initial velocities were reset in the US calculation, and
therefore the internal rotation was thermalized. Also, the US simu-
lations equilibrated the protein structures to some extent in each
window. Due to these effects, we consider that the US/SMD
method resulted in lower PMF than the JE/SMD method.

To treat the internal structures more carefully and to investi-
gate their effect on the PMF calculations, we introduced mTMD
in this work. While SMD restrains only the COM-COM distance,
mTMD limits the internal coordinates additionally. Figure 3 shows
that the PMFs calculated through the US/mTMD method have
lower dissociation free energies than those calculated through
the US/SMD method. Because the significant difference of the PMFs
was attributed to the difference of the generated dissociation
states but not to some statistical errors, the SMD trajectories lead
the system to the meta-stable dissociation state.

Interestingly, the dissociation free energy calculated from the
US/mTMD (61.2 kJ/mol) was only 9.5 k]/mol larger than the exper-
imental binding free energy (51.7 kJ/mol) [16]. In addition, we
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Figure 3. PMFs calculated by US/mTMD (red) and US/SMD (green). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

calculated the PMF of the LN32D mutant with US/mTMD. The cal-
culated value of the dissociation free energy (46.0 kJ/mol) is again
slightly larger than the experimental binding free energy (40.3 kJ/
mol) [19]. Because the dissociation free energies derived by the US/
mTMD correlated with those of the experimental binding free
energies, the US/mTMD might be one useful tool to predict the
binding free energy.

The restraints of the internal coordinates are not always appro-
priate. If the formation of the antigen-antibody complex induces
large structural deformation in the real system, the restraints of
the protein structures hinder the mTMD trajectories from deter-
mining the correct dissociation state. Fortunately, neither HEL nor
HyHEL-10 deform largely in the real complex formation. For exam-
ple, the structures sampled in the MD simulation of the solvated
HEL are quite similar to those sampled in the MD simulation of
the solvated HEL-HyHEL-10 complex. Therefore, we consider that
the mTMD trajectories never result in harmful effects. Rather, the
restraints of the internal coordinates prevent the artificial deforma-
tion, when the dissociation pathway is generated computationally.

To characterize the protein deformation, we calculated the
averaged RMSD from the equilibrated reference structure for
HyHEL-10 and HEL in each US window. Figure 4 shows that the
deformation observed in the US/mTMD procedure is suppressed
and significantly smaller than that observed in the US/SMD proce-
dure. In particular, SMD changed the HEL structures much more
than mTMD. This will be a dominant reason US/SMD still overesti-
mates the binding free energy largely.

In the US calculation, when the initial configuration of the US
trajectory is far from the equilibrium state in the US window, the
sampled conformations may also stay far from the true equilibrium
state. In particular, because the energy landscape of the protein
system is complex, the system can stay in the metastable state dur-
ing the US calculation. In the US/SMD calculation, this problem
happens because the dissociation path generated by SMD is not
accurate. In this sense, the overestimation by US/SMD is closely
related to so-called ‘Hamiltonian lag’ in the slow growth calcula-
tions or the thermodynamic integration calculations [30]. In these
cases, the Hamiltonian is changing so fast that the system confor-
mation cannot follow the change and the system stays far from the
true equilibrium state for the instantaneous Hamiltonian, which
results in the significant error in the free energy calculation. From
this viewpoint, the success of the US/mTMD method may be
attributed to the fact that the mTMD trajectory generates the
initial configurations in sufficiently close proximity to the equilib-
rium states for the US Hamiltonians. (See Supplementary informa-
tion for more details.)
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4. Concluding remarks

In this Letter, we assessed several free energy calculation meth-
ods in the dissociation process of HEL and its antibody, HyHEL-10.
One of the most widely used methods is the SMD method for gen-
erating dissociation pathway. In the JE/SMD method, the PMF can
be calculated directly from the non-equilibrium works associated
with the SMD trajectories. However, in order to obtain the correct
PMF, we need to decrease the pulling speed and/or to increase the
number of the sampled SMD trajectories. Therefore, the huge
computational resource and/or the methodological progress will
be required. An alchemical free energy calculation method,
MP-CAEFEE, is also based on the Jarzynski equality, but can predict
the binding free energy of a small ligand and its target protein suc-
cessfully by employing the Bennett acceptance ratio method [7-9].

Another way to calculate of the PMF along the dissociation
pathway is the US method. Our results showed that the US could
provide better PMFs than the JE, probably because the excitation
of internal rotation was suppressed and the protein structures
were equilibrated to some extent in the US calculations. In this
work, we further introduced the mTMD method instead of the
SMD to investigate the effect of the artificial deformation of pro-
teins on the free energy calculations. In case of mTMD, the
restraints of the protein structures prevent the artificial deforma-
tion of the proteins. Thus, the dissociation free energy calculated
with US/mTMD was lower than that calculated with US/SMD. This
result indicated that SMD lead the system to a meta-stable disso-
ciation state. Furthermore, the protein deformation was directly
observed in the structural analysis of the US trajectories (Figure 4).
In the real system, the dissociation process would take much
longer time than in our SMD simulations so that the water

molecules can invade the antigen-antibody interface without
affecting the internal structures of both antigen and antibody. Note
that the water behavior near biomolecules also affects the
hydrated proton properties and plays important roles in the bio-
logical systems [31-33].

From the practical aspect, it is interesting that the dissociation
free energy calculated by the US/mTMD method correlated with
the experimental binding free energy very well. While the calcu-
lated free energies were 61.2 and 46.0 kJ/mol for WT and LN32D,
respectively, the experimental values were 51.7 and 40.3 kJ/mol
for WT and LN32D, respectively. Applications of the US/mTMD
method to the design of antibodies will be an interesting subject
in future.
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