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Single-Molecular Detection System with X-ray and

Thermodynamics of Antigen-Antibody Interactions
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Antibody, which is one of the most important proteins for adaptive immunity, has been
well studied. In our previous studies, we showed the changes of antigen recognition mechanisms
during antibody evolution and the structure changes of antibody with antigen-binding using
thermodynamic and kinetic measurements. Since these structure changes were considered extremely
small, we investigated the structural fluctuations of a single antibody molecule in real-time and
space using a Diffracted X-ray Tracking method with pm-level accuracy. We found that the
structural fluctuations of Fab fragments were various on each antibody clone and were suppressed
by antigen-binding. In addition, we clarified that the ratio between the antigen-binding and
non-binding conditions in the observed structural fluctuations is extremely relative to the binding-
affinity or the Gibbs free energy change. These results indicate that the phenomena of antigen-
antibody interactions considered stable states can be defined as the results of dynamical processes
at the single-molecule level. Such new quantifications from angstrom-level structural fluctuations
can be applied to various biological science and biotechnologies.

Keywords: Single-molecular dynamics; X-ray; Antigen-antibody interaction; Thermodynamics;
Structural fluctuation
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SR (9T10/9T13) 27— 745 ff%to%ﬂ%ﬂ@
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('E%Jiﬁ}ﬁﬁ&@AS AVNE W) lock-and-key model ™A
MoTWAHIEEREBLTVS (Fig.d(b), 7OFA k>~
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Fig.1 (a) Thermodynamic aspects of 9TX antibodies.

The affinity maturations (from 9T7/9T8 to
9T10/9T13) are entropy driven. The data were
taken from ITC measurements at 310 K.? (b)
Schematic representation of "induced-fit" model
and "lock-and-key" model for the antigen binding.
The solid line represents the antigen binding site,

and a trapezoid represents the antigen.
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DREGBFIED S 221 AKT LTz FEBIEELE, Bt
JE A2 & o THURGS T OSSR S 455, SRl i3
ENLho7zb DD, PUREFHIIC A S OfEEZE(L
ZHESRILTWEZLRIHLNTHY, TOMRTTT
AYARTUTA G EDMAEMNITERILE b 72n Lzd
DEEZBND, PERESE T A EAZIIZ 0
MICd, Fe Lu 78 =Bk &5%8 ) ko1& O
HAERCHUERE A ED & 9 8% L 7255 OMAKRE
Hahb,

CORRIZHURIL, PUERERESe Z OB OPURS T- OfE 2
bR EFA4F I 7 AEARERE CHL LTSN,
BT ATREETI ATV B D, S 5 I3 B
TG 15 o LD E 5720
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L FREM O F I HDEICBWTRIEL, 1980 4F
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L, WEZAETHEMI00BET TR EEEZZONT
W55 THAEIEAT300 ~ 800 nm TH D Z L LWL 5
EFinm O EFERHIE 2o T0WA I Ll b, £ D&
FEDF2510 nmEEDORKE S 2 HF-o>TWbHLEER DL L,
HBABE . CoYpt e LA T OB R % 155 1S
KTd 1T THLH05, 5 FHNEOESR) % FEHEICFHIS 512
EXH (2~0.01 nm) DR S HIEWIEROBEE M
T BUEND ) DXTEDERT 5 I L L o72,9 AiHll
FERX AW E B &N D 2 L TR E BTS2 FIH
LT, ZORTARY hASE ) BH) L TW % BRIC
BIZET 5 2 L1 L o THIWAERS T- 04 TN % o 2
— MV LNV OFSEE TS A F1:Ch 5o Fig.2 IZfEHZ
B AR L7ze HIYERS T, AR IS 2 OfkhE
A LR EZEENTBY, B& % RAVEcse
F /e (F915 nm) TNV ENTWA, BIEDH, 4
AT DM EA~OREENIE, TIvhay T v IER
His-tag /- L7 LT, &7 /RO 7 VI, Cys bkt
BN LIJTETIToTwh, CORRICLTERLZY v 7
WM X 2 BT 5 2 & T&F / fsh S ORF AR
v MRS ND . F L CHMERS T &4/
LEMILCENE, EHFAE Y FOMEIZLT 2, 22T
HETAHI LI, ARy FOB & 134T/ SO H
AL L CW B ThH L, DF ) HIEMRST-2MTA
T w b2z D 5121, &F /7 #io 7~ vEhT
WANER, HEERST-OH A X &% B L CEET A
Ry bOFRE R, SEET LEN S D, ZORILE
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Fig.2 Schematic drawing of the single molecular
detection system using X-rays (not to scale).
Diffracted X-ray Tracking (DXT) monitors the
behavior of a single special domain with the
guidance of diffraction spots from the gold
nanocrystal which is tightly coupled to the special
domain. In DXT, we directly monitor the rotating

motions of the labeled gold nanocrystal.

FREEIIZIBIRS 2 2 & CHIWAERG T- OB EAHITE %,
7277 LG 2 53 2121875 v 7 O TS &I
NAHX (A =dsing) TR L2 IO\ (i 1T
BB, A AFXBOWE, d: #dOHENRE, 6: #
FlZx B X O ASHE) . DXTH#TIE, 70—7Thsb
&/ K H AR T L TR L CE T D RS I
TAHXMDOAIHIFEIZEILL TV E 20, ZRZho A
BTG L 720 RO X AL EN 7 Do S AUIEER O
FEONRAE L7 X MR (B X ) 2R3 5 2 & CTRT
E505, HATHOBX MMM TE 250E2E% { %
<, SPring-8 IZfAF SN L HHDEIIEA U TH 5o ARE
B Al ftirk 12d 5 BL44B2 & fliJ L7z (7272 LIAEL,
BL44B2 CTRRHGBXMAMEHTE Wiz, AL THS
BL40XU |2 THF4E %47 5> T\ %), DXT #:02 X B 5T
DFFNTIE, RIFFTHNT 2 PURTE ISR OMIZ S,
DNAR, 727F ¥ - 34V VH%, NovF)Fa sy,
EEHREAH A, 7)Y LT v RV, BEFERINET
BITbNTBY, TOHMMEE, FEEHEATH D, D
AHIFETIE, PURDS TSR D E0PUEENERIC L -
TED LT LO0%HL DT 57O DXT % H
WCHURD 53 T-PIREIER © KRl A 4T - 720 PUEICH T 5
OB S Z e NI 2 AFEO~ 7 AHINP €/ 7 1
—FIWHUANIGY (K, =8.5 X 10°M 1), C6 (K, = 8.2
X 107M~1), 9T13 (K, =5.1 x 10M "), Ell (K, =
3.0 X 10°M 1) &z, FoPukE 081 Y ET A
Z L TFab Wi 218, 1:1 OVUSHURIEAEIEETE %
LI L7 Fab iR &7 I vy 7Y v 72 D Lys
IEA A L CRIER RICEZEIL L, 4 2 i piEs
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(a) Schematic drawing of the detection system
for single Fab molecule with X-rays. The antigen
binding region (variable region) and constant
region represent dark gray and light gray
respectively. The size of gold nanocrystal is
approximately 15-20 nm. Structure data were
taken from PDB (accession numbers are 1INGP
and 1IGT). (b) The representative images of Laue
spots moving in position frame to frame at 293
K. The Laue
nanocrystals appeared as brightly shining dots.

spots from individual gold

HEBAL B b NEIZH B Cys FRIEIC T~V L7 (Fig.
3(a))o F7z, AFWBBIOE VSN CRRIIZIT ) 720,
Y IVIIE E B um /Ny 7 7 —F& (50 mM HEPES, pH
7.0) ICHFETHEHICLRLTVAS, HE (NP-Cap) &
RHGRE0.18 mM & 725 £ 912U T, FimiiceETo
Fab 53 T & 54 LTV AIREETERI L 720 X133
VAW 2L, 7 4llE L7z, Fig.3(b)lE, C6
Fab % PUsHE L OLMGTEHIIL, 165 ms BEDARy M
BOMTZRL TS, ZOEEDAKRY MERFEIL, 50
~90 mrad s ! T > 72 Fab B DMMAD X 5 128 &4
ET AL, FabliFOREEDHT0 ATHHZEnH6~
11 As '"HEEOBXICHYT 2 LB N, LL,
EAEIEIARIEFIZRS PO TH L5, RELON
TAEL VNS VEiE %, DXTHETIEE=Y—LTnh I L
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Fig.4 (a) Mean square displacements (MSD) of the

gold nanocrystals as a function of time interval
in each Fab. Antigen free and bound (0.18 mM)
states are indicated by open and closed square

respectively. (b) The relationship between

In(Dy/Ds) and Gibbs free energy change and
antigen concentration dependency of the C6 D
values (inset). Dy: the D values of Ag binding
state, Ds: the D values of antigen free state.

Xk, EZATHRHABDOHZIZIE, ¥afh, F /74—
F—=5 IV, Bt —5—F Thia BB X DT 55,
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WA A — L TH 1Y), DXTHEIEAEY T S 12T
WA TABIECE ML S 25, ZORAT —
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ONMR 2 & o THON D HEEEREIFE S 2 L TERAE
WeRed & DIECHERT B 2 EAREE B, FAREHINE
T, XIS X 2 ARG TNDF A=V e ns
A5, 2R &) BHIEFI N T AR v MEBIEAEITN
Lo, FHICEIIRELHVYTHZ LdE
BENT, FabiR ~OKER T A=V IE b 0 LFHI
T&E7,

CORRICL TSN L EFHT AR Y M ASEDREER) T
% D%, Mean-square Displacement (MSD) #— 7% H{
% Z L CRENCHGET L C A7 (Fig.d(a))o Hflin 75w~
JEEITIE, (AOHL? — At 70y MIERKEE RIS, H5
—EHADFHRNAT T 7 EE Do TV B, W
WIRD 7Ty NI b I ERMHENT VDD RFEERITY
—IATEREE T CRIIILCB Y, FabliF d W2 Rk E
AHEE 2 L) TN ALE LS B X9 ICEEL L T
5 EDPLREREBRIIRE W AEnEEZ NS, X
S THERD BRI S DT Db > T B EEZ LN,
CNFETOMFEICBNTHTOMSRRE SITREIND
ZENS, T TIVT—=VATIRH T I = VRIERIEED
TR XBOBEHEICHR L T0D 2 L35> T
WhD ZORBERELSZIT TR 0IE LN 50T
20 LTRGBS 29 > TV b L £ 2 5N D, HHEDY
&, PURGFATCEVEMRNETay bEehoTnb I L
PHHEFREEIC X > TS DT LT L 1) B %
EoTWD LIRIRTE o MSD 1 — 7 % 4 FEEEOHHATLL
L CARD EPURIC & o TH TSRS E15HEVATRS
NDZENGirotz, EWREBOT I BEIZIZE AL
EWHLWI LR ST R D EMEHEBOT I BRG] 0%
WIS & o THURG TR0 5 TSRS WL L L
EZHNDo FFIZITI3 IE4THHOYIROHT T o & b 53T
PGSR S EAVINE £, Hik L7z 1ock-and-key model DHL

JEERRRAEHE 2 A0S S8 2 SSIRR LI CBIRTZE V. PURAE L 0
PRREL HUSA ) OIRAEL TMSD #— 7% L Th B &4
[l > 72 4 FEFHOPUART R TUITBWT, JUEHEAIREEIC %
% Z & TN S X3RS L OIRRE & i LT
LIS L o Tz, BRI X o THFH
EDEEILIED VNS L 2B 2 X, ST RO
TEBIIZ S RSO RENTVAN, 157 TEh%
BIEL L7213, AL DTTH B, HUEFRERIC X BH
ROEEZALIE, PUROS TSRS 2652 b0
TdHbHZ LW Fab i & V7R ERRL SO 2 E o572,
BAHIIIND ¥ 7 F MuiERe, T7 =7 & —t&hikk SHiko
FEHEE ED LI L T O45BIER SN S, &5
IZMSD 7 — 7 % fitting T 56 2 &L TD, V2D /¥F X
— & %W L7 (Table 1), DI3PAOST-PIMEERES &
L, VIS X BOREE 3 $ 2 Felkih % S L 728
TA=YThb, FOYEEH LDIEDIETH S, PR
MHEET 5 L DIEAVNE L B B DX, 4TEHOPUET T
BT FE D)5, FOMBERIIPUEIIA B A BRI
EVHURIZERE L o TWAZ LYol BUEKES
WL B2FTAHBIANVF-Z(L (AG) & DEDHFES
(In(Du/Dy)) ZHZTT Y FER-THD &, WEOMHEN
BIFRICEWEZ L0555 (Fig.d(b))o TLTCIOTH Yy
5,

AG = —RT InK, = o In(Dy/Dy) + B

EVHADHEE N EN D, DEIIPUGIEE I RAF LTt
LTHY (Fig.4(b)inset), ZDI &7 5 ol IHUFIEFELC,
Bl ZDMOFHIGH (I, Fab OREE L% &) (12
AESTB/8T A=5 E#Z2bN5h, AWFETIE, akBldF
NZN, 14.7, 30.1 kI mol ' L HAED Sz, S 512AZE
x5,

Table 1 The values of D and V were determined from the plots (Fig.4(a)) of (A@2)L? vs the interval times by y 2
minimization fit for Eq.1. The measured spots are 45 trajectories. (AQ?)L? = 4Dt + (V£)? (Eq.1) (L =70 A).

The values of AG and K, were taken from ITC measurements.

Name DXx10-"/ A%s-! VI As™! AG / kJ mol ~! K,/ M~!

N1G9 free 2.65 +0.03 1.67 £0.01
N1G9 + antigen 2.11 £0.03 1.18 £ 0.01 —33.5 8.5+ 1.3 xX10°
C6 free 3.97 +£0.03 1.61 = 0.01
C6 + antigen 1.54 £ 0.03 1.01 = 0.01 —44.4 8.2 +3.8 X107
9T13 free 2.35 +£0.03 1.26 +£0.01
9T13 + antigen 0.65 £ 0.03 1.09 +0.01 —49.0 5.1 £6.9 x 108
Ell free 9.49 +0.07 1.94 +£0.01
Ell + antigen 1.93 £0.03 1.13 £0.01 —53.2 3.0 7.2 x10°
The S.D. were based on fitting errors.
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InK, = —(0ot /RT ) In(Dv/Ds) — (B/RT)
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W% (AFM) % FIH L7 AT 1990 70 5 83 LT
5o bbb & AFM O HBE, BUR-FH & B4 ICE T
LETHNERBET 22 & T, RFORmMIRE M 2
ZETHoTze L LIS HAEARST-%, SR
FNEMELHT 2 ) — oG5 FhEnEElT 5
ZET, TOMABTFERHNI) & LTHITE 5, ZO8
Wi ST ATREBE RS S V), 5T ORISR L
TWAHEEZLNTWS, 2N 15FLNLVTIE, 5F
BAHE/EH S —ETIE R CELVWTWD Z L EZRIEL TV
%o DXT ETH B NA 53 TSR D & & OB % T3
LI LT, I3 FLRNVTHIDS EOLHWEE LIzE
REZEY M ICIE &0 X 9 ZEIYRICTIUE R VO 23T
RHRHMAMESND EEZ TV,

4. BHYIC

1867T4EHA T Y N T ¥ FOYMFH Y x —L X - 7T —
7Ry AT VL, GTOBE BT E L REDF
MEMEL By 0] cHtohzny b —
DD RETH B LIRE L7z, v 7 A7 2 VOHEED
WATH 5 B H I OREROGIBIEO L 2
AHEEENTVDDS, 15 TRHINEZOEREOH L2 9

AFETHE, ThbH 1G4 OEREZIEL, 53,

TS 52 L TH D, BLDREDFIETIE, FAT ¥
F— ¥ OBSEENZ | 55T LoV TN L7k, —
Y P ¥ —ETHIER 7 v TR EIRITo T A Tk
FHOEPIZL TS SR IOME 15T LNV TOR
TVEFDFETEFTEEEL 25 2 EITREV R,

Fa DLEHBOFIEE LTIE=20F A v M2 EiFsn
Do H I TSRO C B CHLY b L B AR5
MEAERIC BT 28050, SRR L DXT %130
BHEFT DA TRHINIC & o> TBIE S NS 1 R T b O
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Negative regulation of antibody

structural fluctuations Iga /Igp

Cell membrane

Signal transduction

Fig.5 Schematic drawing of the idealistic single-
molecule analysis on the living cell. The structural
changes of the receptor are measured by DXT,
and related signal transduction molecules are

monitored by FCS.

HL OB CTH 5. £ TROMATTIZ, BAIIFEH,
HELR IR & 2 D53 WAHH AR DR B R 51tk
BEDSHR SN TVRLY, 15T LNV EORLREE
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fEO—oTH LTy a2 L 5T GRS X &
OHBAEIS PICTRLFIT 2 ED TV B, 11 Ml
ROCH LT 5 15T Cd bo O T
e VTN I BV 2 2EARS T RIAE DR TR0 45 1 [HIAH
HEHOBEII TN TV A7, ST ISR S X% A4k
G OMyNRB & L ERREREICE D LoIgEIX E 22 rhb i
T, MIFR, MR FIAEAE T 2 AR F-0 ) 7
N5 & OB R TSR S E & ¥ 7 F Vg
DHEARKERE & OMI % DXT #:12 & TS 223 i
ZHEOTND EZAHTHD (Fig.5)o Mlazstillod; &+
%I ET, eI B ANER T E, AL LY
WOHRICRIT 2 2L TELEA ), BB DT —
RIEDPLLDOTHH LY, HTAMERES &%y b
=T D Z Ik B AAEEEOIH TH L, ZEFTOT
HClE, HWEAEORIMR LT 5, [ERZ RN
B 7% EOJFETHERERE D e SN T E 285, BRIGH %%
25 MR a A MO, SERIHEELIIO & 2 AN
TAHILTTFIILAVENERZFELTLE ) Lozl
B o720 L LHIWARS T- 0545 TSRS K12
U CHNBIEEh A N2 B T & ORI, REBI SIS 5
CEDREIC AU, #icmERE LT S A I5E:
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