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Abstract: The substrate—enzyme complexation of heptaprenyl diphosphate synthase was directly
investigated using colloidal probe atomic force microscopy (AFM) and a quartz crystal microbalance (QCM)
in order to obtain new insights into the molecular mechanism of the enzyme reaction. This enzyme is
composed of two dissociable subunits that exhibit a catalytic activity only when they are associated together
in the presence of a cofactor, Mg?*, and a substrate, farnesyl diphosphate (FPP). The QCM measurement
revealed that FPP was preferentially bound to subunit Il in the presence of Mg?", while the AFM
measurement showed that the adhesive force between the subunits was observed only in the presence of
both Mg?* and FPP. This is the first direct demonstration of the specific interaction involved in the enzyme
reaction. The dependence of the Mg?* concentration on the specific interaction between subunits | and |1
well agreed with that on the enzyme activity of heptaprenyl diphosphate synthase. This indicated that the
observed adhesive forces were indeed involved in the catalytic reaction of this enzyme. On the basis of
these results, we discussed the processes involved in the substrate—enzyme complexation. The first, the
substrate FPP bound to subunit Il using Mg?*, followed by the formation of the subunit I-FPP—Mg?* -
subunit Il complex. Our study showed a very useful methodology for examining the elemental processes
of biological reactions such as an enzyme reaction.

Introduction position, because they can directly monitor interaction forces
by employing a spring balance. However, the protein systems
reactions is essential in biological science. Especially, the studied so far are rather limited to relatively simple ones such

interactions between protein molecules have attracted increasing*s the interactions between antigemtibody® or protein
attention as the importance of proteome research is now unfolding®* It is important to further develop the potential
becoming widely acknowledged. The essential questions include,f this measurement for studying biological systems. This is
(1) what protein pairs interact, (2) how do they recognize each the Primary aim of the current study. We employed the force
other, (3) what are the locations and the sequence of a bindingMe&asurement for studying the interactions and elementary
site, and (4) what are their functions? processes involved in the enzymatic reaction.

The interactions of proteins and other biomolecules have been  Prenytransferases (prenyl diphosphate synthases) catalyze the

actively studied using both the conventional and novel nanoscaleSequential head-to-tail condensation of isopenteny! diphosphate
measurements. They include ultracentrifugafisuyface plas- _(IPP) vv_|th aIIyllc_substrates to give I|ne_ar prenyl diphosphates
mon resonance (SPR)and a quartz-crystal microbalance Inthe biosynthetic pathway of isoprenoid compounds. Although

(QCM)# Among them, the atomic force microscopy (AFM) these condensation reactions are similar in terms of their
and surface forces measurement (SFApcupy a unique  chemical mechanism, there are a number of enzymes having
different specificities of substrates and products with respect
* To whom correspondence should be addressed. to the chain length and double-bond stereochemidtAmong

T Tohoku Univeristy. . .
* Current address: National Institute for Environmental Studies, 16-2 the prenyltansferases, medium-chal)-prenyl diphosphate

Onogawa, Tsukuba City, Ibaraki 305-8506 Japan. synthases are unusual because of their heteromeric structures.

$ Sandia National Laboratories. Heptaprenyl diphosphate (HepPP) synthase fBamillus sub-
(1) Primary account of this work: Suzuki, T.; Zhang, Y.-W.; Koyama, T.; ptap vl dip P ( P ) y
Sasaki, D. Y.; Kurihara, KChem. Lett2004 33, 536.

The elucidation of specific interactions involved in biological

(2) Rivas, G.; Stafford, W.; Minton, A. PMethods1999 19, 194. (7) Moy, V. T.; Florin, E.-L.; Gaub, H. EScience1994 266, 257.
(3) Smith, E. A.; Thomas, W. D.; Kiessling, L. L.; Corn, R. Nl. Am. Chem. (8) Wong, J.; Chilkoti, A.; Moy, V. T.Biomol. Eng 1999 16, 45.
S0c.2003 125 6140. (9) Oberhauser, A. F.; Marszalek, P. E.; Carrion-Vazquez, M.; Fernandez, J.
(4) Yun, Z.; Vladislav, T.; Megahna, S.; Xiangqun, Z.; George, WJ.PAm. M. Nat. Struct. Biol.1999 6, 1025.
Chem. Soc2003 125, 9292. (10) Rief, M.; Gautel, M.; Gaub, H. EAdv. Exp. Med. Biol.200Q 481, 129.
(5) Binnig, G.; Quate, C. F.; Gerber, €hys. Re. Lett. 1986 56, 2048. (11) Oesterhelt, F.; Oesterhelt, D.; Pfeiffer, M.; Engel, A.; Gaub, H. Eljéiu
(6) Israelachvili, J. N.; Adams, G.. Chem. Soc., Faraday Trans1978 74, D. J. Science200Q 288 143.
975. (12) Ogura, K.; Koyama, TChem. Re., 1998 98, 1263.
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surfaces (b). The glass surfaces are driven by the piezoelectric device.
Surface forceF, is given as the product of the spring constant of the
cantilever,k, and cantilever deflectionAD, which is obtained from the
direction of the laser light reflected on the back of the cantilever. The laser
light is detected by the four-sectored photodiode.

! Mg2+ moti - . .
o E_o_x ’ (DDXXD " to those of the avian FPP synthase including the two DDXXD
& sequence® It is reasonable to assume that subunit Il has a
Subunit Il tertiary structure similar to the subunit of the avian FPP synthase.

Figure 1. (@) Hypothetical mechanism of the catalytically active complex Therefore, the diphOSphat_e moiety Of_ FPP seems to bind through
of HepPP synthase &. subtilisé (b) Hypothetical scheme for the binding ~ Mg?* to the DDXXD motif of subunit Il. On the other hand,

of FPP and IPP between the two subunitBosubtilisHepPP synthas¥:* the prenyl tail of FPP seems to be stretched into a hydrophobic
D is aspartic acid. pocket or wall containing Val-93, Leu-94, and Tyr-104 in region
- . . . . it 122,23 i i H

tilis (B. subtilig,>-15 which forms the HepPP with a chain B of subunit 12223 Consequentially, the diphosphate moiety of

length of G, is composed of two nonidentical protein subunits, FPP seems to bind through Ffgto the DDXXD motif of
neither of which has a catalytic activity alone. These subunits SuPunit Il, and the prenyl tail of FPP binds to a hydrophobic
have been assumed to associate in the presence of a substratBOCket of subunit | (Figure 15} There is another Mg
allylic substrate E,E)-farnesyl diphosphate (FPP), and a co- binding site, the DDXXD motn‘: for IPP in subunit II.. Whgn
factor, M@*, to form a catalytically active complex, which the enzymesubstrate comp!ex is formed, the IPP, which binds
represents an intermediate state during the catalysis (Figurel® Subunit Il through Mg, is condensed to FPP up to four
12)16 This catalytically active complex has been characterized times one after anothét.As a result, HepPP of 35 carbons is
by the gel filtration and cross-linking experimeatddowever, synthesized. However, the format|on_ process of the substrate
there has been no direct evidence to support the assumptiorENZYme complex has not been elucidated. _

that the two subunits would associate to form a transient dimer N this study, we evaluated the molecular mechanism of the

by specific interactions between them. Concerning this enzyme €nzyme reaction employing a colloidal probe AFM and QCM.
substrate, it should be interesting to study the following: (1) We first investigated how FPP binds to subunits | and Il in the

how two subunits interact with each other; (2) which subunit bsence or presence of ffgusing QCM. The Au electrode of

participates in the enzyme reaction; and (3) how the substratet® QCM quartz plates were modified with protein layers as
(FPP) binds to the subunit (or subunits). schematically shown in Figure 2. Next, we directly measured

the interactions between subunits | and Il by a colloidal probe
AFM and observed an adhesive force only when bot?Mg
and FPP were present in a bathing solution. The effects éf Mg

h FPP, and IPP were also investigated.

Recently, the crystal structure of avian FPP synthase com-
plexed with allylic substrates has been analyZednd it has
been shown that allylic diphosphates bind through*Mig the
aspartates of the conserved Asp-rich motif (DDXXD), whic
are essential and highly conserved among tEgpgenyl Experiments

. 20 -
diphosphate synthas&s,*® with the hydrocarbon tails of the Materials. The two subunits (subunit | and subunit Il) of the HepPP

ligands growing in the hydrophobic pocket. Furthermore, the synthase oB. subtiliswere overproduced igscherichia coli(E. coli)

crystal structure of the undecaprenyl diphosphate synthase fromceII:s respectively and purified as previously descriféhese subunits

Micrococcus luteugM. luteug B-P 26, which is a homodimer 56 mogified with six histidines (polyhistidine) at the N termin&lg)-

and forms a 55-carbon long-chain product, has been shown torpp and IPP were synthesized according to the procedure of Davisson
give the same result as the FPP syntifasSehoughB. subtilis et al?® The preparation oN-(8-(1,2-di(octadecyloxy)propanoxy)-3,6-
HepPP synthase is a heterodimer, subunit Il has motifs similar dioxaoctyl)iminodiacetic acid (DSIDA) was previously descri3ed.

(13) Takahashi, I.; Ogura, K.; Seto, &.Biol. Chem.198Q 255, 4539. (21) Fujihashi, M.; Zhang, Y.-W.; Higuchi, Y.; Li, X.-Y.; Koyama, T.; Maki,
(14) Fuijii, H.; Koyama, T.; Ogura, KFEBS Lett.1983 161, 257. K. Proc. Natl. Acad. Sci. U.S.£001, 98, 4337.
(15) Zhang, Y.-W.; Koyama, T.; Ogura, K. Bacteriol.1997 179, 1417. (22) Koyama, T.; Tajima, M.; Nishino, T.; Ogura, Biochem. Biophys. Res.
(16) Zhang, Y.-W.; Koyama, T.; Marecak, D. M.; Prestwich, G. D.; Maki, Y.; Communl1995 212 681.
Ogura, K.Biochemistryl998 37, 13411. (23) Zhang, Y.-W.; Li, X.-Y. Sugawara, H.; Koyama, Biochemistry1999
(17) Tarshis, L. C.; Yan, M.; Poulter, C. D.; Sacchettini, J.Blochemistry 38, 14638.
1994 33, 10871. (24) Zhang, Y.-W. Doctoral dissertation, Tohoku University, 1997.
(18) Joly, A.; Edwards, P. Al. Biol. Chem, 1993 268 26983. (25) Davisson, V. J.; Woodside, A. B.; Neal, T. R.; Stremler, K. E.; Muehlbacher,
(19) Song, L.; Poulter, C. DProc. Natl. Acad. Sci. U.S.A994 91, 3044. M.; Poulter, C. D.J. Org. Chem1986 51, 4768.
(20) Koyama, T.; Tajima, M.; Sano, H.; Doi, T.; Koike-Takeshita, A.; Obata, (26) Shnek, D. R.; Pack, D. W.; Sasaki, D. Y.; Arnold, F.ltdngmuir 1994
S.; Nishino, T.; Ogura, KBiochemistry1996 35, 9533. 10, 2382.
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Dioctadecyldimethylammonium bromide (DODA) was purchased from _ 06 - -
Sogo Pharmaceutical and used as received. Tris(hydroxymethyl)- 2 g5| 2 subunitl | a Mgg: 1.0 mM
aminomethane (Tris), NaCl, and MgQiere purchased from Nacalai £ o4l m Mg+ 0mm
Tesqu. All other reagents were of analytical grade. The water was 3
purified and distilled twice by a Nanopure Il and Fl-stream 48D glass £ o3
still system (Barnstead). S 02}
Preparation of Protein-Modified Surfaces. The glass and QCM s 0.1
plate surfaces were modified with DODA and DSIDA&unonolayers § 0
by the Langmui+Blodgett deposition at 20.6t 0.1 °C using a <

.
e
-

computer-controlled film balance system (NL-BIO20-MWC, Nippon 5 1;0 15 20
Laser & Electronics). The sample surfaces were prepared by following FPP Concentration [uM]
a previously described procedifeThe surfaces were rendered

o

hydrophoblc_ by depositing DODA monolayers at a s_urface pressure @ 1.0 b) subunitl [ 2 ma2+ 1.0 mM

of 35 mN/m in the upstroke mode at a rate of 3.0 mm/min. The DSIDA- = 08 m Mg2+ 0mM
Cw" monolayer was transferred to the hydrophobic glass surface at a 5

surface pressure of 40 mN/m from the protein solution subphase (1.0 £ /‘/‘/A-—-A-

x 1077 M) (M = mol dn1?) in the downstroke mode at a rate of 3.0 s 04

mm/min. The concentration of the proteins was chosen to be slightly 2 0.2

higher than the concentration, 8 1) x 1078 M, for both | and I, g ’ n

which showed the saturated adsorption on the DSIDAt@uwonolayer ﬁ 0 X
determined by QCM in a 0.1 mM Tris-HCI buffer containing 1.0 mM 0.2 ‘ ‘

NaCl (data are not shown). The transfer ratio of the protein-bound “o 5 10 15 20
DSIDA-Cw?* monolayer on the hydrophobic glass was found to be FPP Concentration [uM]
0.6+ 0.1. The surface density of the protein was 2.20°% mol/n¥. Figure 3. Change in the adsorption amount by the subunit vs FPP

Adsorption Measurement. The adsorption of FPP by subunits |  concentration in 0.1 mM Tris buffer solution containing 1.0 mM Na&kl|,
and 1l was monitored using a 27-MHz quartz-crystal microbalance in the presence of 1.0 mM Mg; B, in the absence of Mg at pH= 8.3:
(QCM, Initium, AFFINIX Q)28 Both sides of the AT-cut quartz plate (&) subunit I; (b) subunit II.

(Initium) bore Au electrodes of 2.5 mm diameter (4.9 tarea).

Sauerbrey’s eq 1 was used to calculate the mass of the adsorbedr@rried out basically similar to previous studféd? A colloidal glass
molecules. sphere (Polyscience, 320 um radius) was attached to the top of a

cantilever (Olympus, RC-800PS-1) with epoxy resin (Shell, Epikote1004).

oF 2 Interactions between the sphere and a glass substrate (Matsunami,
AF=— % _Am (1) microcover glass) were measured in a homemade closed AFM fluid
AV pyitg cell. The obtained forces were normalized by the radfy®f the sphere

using the Derjaguin approximatiéa,
whereAF is the measured frequency change (Hg)is the fundamental

frequency of the QCM (2% 1(f Hz), Am is the mass change (g, FIR= 27G;. 3)
is the electrode area (4.9 mMnpq is the density of the quartz (2.65 g

— 1 i 1
cm), anduq is the shear modes of the quartz (2:03.0"* dyn enT). whereG; is the interaction free energy per unit area between two flat

This equation has been obtained for the AT-cut shear mode QCM in
- ; ) surfaces.
the ar p?oas@ and s known to be used for measurements in the aQUeOUS ¢ interactions between the protein-modified surfaces were mea-
solution: . . sured in 0.1 mM Tris-HCI buffer solution (pH 8.3) containing 1.0
Subunits | and Il were transferred onto the quartz plate using the mM NaCl by varying the concentrations of MgQicofactor, 0-2.0

LB m(_athod_, and the frequer_lcy changes b.y adsorpt_lo_n of the FPP WeremM), FPP (substrate,-80 «M), and IPP (another substrate;-60
examined in the 0.1 mM Tris buffer solution containing 1.0 mM or 0 «M: Figure 2)

mM MgCl..
The association constant was determined on the basis of the Results and Discussion
Langmuir adsorption isotherm using the QCM results, and by fittin - . .
gmulr adsorption | using the Q “ YfiNG  Binding of FPP to Subunits | and Il Studied by QCM.

them with the equation . )

The QCM technique was used to measure the adsorption of FPP
by subunits | and Il immobilized on the QCM plate in the
presence or in the absence of MgParts a and b of Figure 3
plot the adsorption amount of FPP, calculated from the
whereC, y, ym, andk are the substrate concentration, binding ratio at frequency change, by subunits | and II, respectively. In the
concentrationC, the maximum binding ratio, and the association absence of Mg, FPP started to be adsorbed on subunit | at
constant, respectively. _ _ FPP concentrations less than 24, and the adsorbed amount

Surface Forces MeasurementThe interaction forceR) between reached saturation, i.e., 0.340.06 ng, at a 1%M FPP. On
the protein-modified gl_ass s_phere and plate was measured as afunctloqhe other hand, in the presence of MgFPP was adsorbed
of the surface separation distan@ py the colloidal probe meth&t v at trati higher than. In th f subunit
using AFM (Seiko I, SPI3700-SPA300). The measurements were only at concentrations higher _am ) n € case of subuni

I, FPP was adsorbed on subunit Il only in the presence cfMg
(27) Ishiguro, R.; Sasaki, D. Y.; Pacheco, C.; Kurihara,Gtlloids Surf., A This result agreed well with the model shown in Figure 1b in

1999 146, 329. H H H 5
(28) Okahata, Y.; Niikura, K.; Sugiura, Y.; Sawada, M.; Morii,Biochemistry which the dlphOSphate group of FPP binds to the DDXXD motif

199§ 37, 5666.

1 1
X==C+ = 2
Y Ym  K¥n @

(29) Sauerbrey, GZ. Phys.1959 155 206. (32) Mizukami, M.; Moteki, M.; Kurihara, KJ. Am. Chem. SoQ002 124,
(30) Okahata, Y.; Kawase, M.; Niikura, K.; Ohtake, F.; Furusawa, H.; Ebara, 12889.

Y. Anal. Chem.1998 70, 1288. (33) Israelachivili, J. N. Intermolecular and Surface Forces, 2nd ed.; Academic
(31) Ducker, W. A.; Senden, T. langmuir1992 8, 1831. Press: London, 1991.
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Figure 4. Force profiles of interactions between subunit | and subunit | (b)
surfaces upon approach under various condition atp8i3: O, 0.1 mM — 1.5 N
Tris buffer solution containing 1.0 mM NaQlj, 0.1 mM Tris buffer solution £ a © Tris Buffer Solution || 10.0
containing 1.0 mM NacCl and 0.1 mM Mg; <, 0.1 mM Tris buffer solution % 1.0l HAA\v o Mg2+ .
containing 1.0 mM NaCl and 15M FPP; x, 0.1 mM Tris buffer solution - *i‘ © FP'; z
containing 1.0 mM NaCl and 16M IPP; A, 0.1 mM Tris buffer solution 3 oot A Mg2+ + FPP 15.0 %
containing 1.0 mM NaCl, 0.1 mM M, and 15«M FPP;+, 0.1 mM Tris F A B e
buffer solution containing 1.0 mM NaCl, 0.1 mM Mg and 15uM IPP. x ERE 2
[] Ay\‘q‘%mfbﬂﬂﬂ/«DDDJ b A
, - £ Oladhesive] “tassesiafy, 0
of subunit Il. The QCM data in Figure 3 for the presence of 2 |[Force ~**" 7 Jump out
Mg?t showed that the binding of FPP with subunit I, most 05
0 20 40 60 80

probably mediated by Mg, was more efficient than the FPP
binding with subunit | by the hydrophobic interaction. It is

interesting that the binding efficiency of FPP decreases in the

presence of Mg, though we do not know the reason. The

5.7 x 10*and 1.1x 10° mol~* for subunit | and subunit Il in
the presence of 1.0 mM My, respectively, based on the
Langmuir adsorption isotherm analysis.

Interactions between Identical Subunits: | and [; Il and

between subunits | and upon approachat pH = 8.3. The

Distance [nm]

Figure 5. Force profiles of interactions between subunit | and subunit 11
surfaces a) upon approach b) upon separation under various condition at
pH = 8.3.0, 0.1 mM Tris buffer solution containing 1.0 mM NaC, 0.1
association constant of FPP with a subunit was estimated to bemM Tris buffer solution containing 1.0 mM NacCl and 0.1 mM f1g <,

0.1 mM Tris buffer solution containing 1.0 mM NaCl and 8§ FPP; x,

0.1 mM Tris buffer solution containing 1.0 mM NaCl and 2§ IPP; a,

0.1 mM Tris buffer solution containing 1.0 mM NacCl, 0.1 mM Rtgand
15uM FPP;+, 0.1 mM Tris buffer solution containing 1.0 mM NacCl, 0.1
mM Mg?+ and 15u4M IPP.

Il. First, we measured the interaction between identical subunits10~2 and 1.2x 1072 charge/nr, respectively. These densities
as a control experiment. Figure 4 shows the interaction forces correspond to—0.77 and—0.71 charge/protein for subunit |
and subunit 1l. On the other hand, the calculated charge based

separation distance of ze® & 0 nm) was set at the separation on the amino acid sequence of subunit | using GENETYX is
where the protein layers were no longer further compressed.about—3.0 charge/protein. This difference seems reasonable:
Only a repulsive force was observed in 0.1 mM Tris buffer The surface charge calculated from the double-layer force profile
solution containing 1.0 mM NaCl at pH 8.3. The isoelectric could be smaller than the value estimated from the amino acid
point of subunit | is known to be 5. Therefore, subunit | sequence, because neutralization of the surface charges by
must be negatively charged in the solution at$H.3, giving concentrations could generally occur.

rise to the repulsive double layer force. Indeed, the observed Interactions between Subunit | and Subunit Il upon
repulsive force was described by an exponential function as Approach. Next, we directly measured the interaction between
expected for the double layer force, and its decay length of 9.2 subunit | and subunit Il, which were respectively immobilized
+ 0.3 nm was in good agreement with the Debye length of 9.2 on the substrate surfaces using the colloidal probe AFM. Figure
nm calculated for the corresponding salt concentration of 1.1 5a shows the interaction forces between subunits | angdh
mM.32 Upon separation, only repulsive forces were observed approachat pH= 8.3. Only a repulsive force was observed in
similar to the approach. In the 0.1 mM Tris buffer solutions the 0.1 mM Tris buffer solution containing 1.0 mM NacCl at

containing (1) 1.0 mM NaCl at pH= 8.3, (2) 1.0 mM NaCl
and 0.1 mM Mg@" at pH = 8.3, (3) 1.0 mM NacCl, 0.1 mM
Mg?" and 15uM FPP at pH= 8.3, (4) 1.0 mM NacCl, 0.1 mM
Mg?" and 15u4M IPP at pH= 8.3, (5) 1.0 mM NacCl and 15
uM FPP at pH= 8.3, and (6) 1.0 mM NaCl and 18V IPP at
pH = 8.3, only repulsive forces were similarly observed both
upon approach and separation.

These results show that (1) the proteins were charged at pH

also obtained for subunit Il with the isoelectric point of 5.2.

of subunit | and subunit Il in the Tris buffer solution at pH

force3* The surface charge densities calculated from the force

between subunits | and | and subunits Il and Il were %.1

15212 J. AM. CHEM. SOC. = VOL. 128, NO. 47, 2006

pH = 8.3, which is natural because both subunits were
negatively charged at pk 8.3, giving rise to the repulsive
double-layer force. Indeed, the observed repulsive force was
described by an exponential function as expected for the double-
layer force, and its decay length of %420.4 nm was in good
agreement with the Debye length of 9.2 nm calculated for the
corresponding salt concentration of 1.1 mit.
In the 0.1 mM Tris buffer solutions containing (1) 1.0 mM
= 8.3 upon approach and (2) the nonspecific attraction was smallNaCl at pH= 8.3, (2) 1.0 mM NaCl and 0.1 mM Mg at pH
and dominated by the double layer force. The same result was= 8.3, (3) 1.0 mM NacCl, 0.1 mM Mg and 15uM FPP at pH
= 8.3, (4) 1.0 mM NacCl, 0.1 mM Mg and 15«M IPP at pH
We calculated the surface charge densities for the interaction= 8.3, (5) 1.0 mM NaCl and 1M FPP at pH= 8.3, and (6)
1.0 mM NacCl and 1%M IPP at pH= 8.3, there was almost
8 using the theoretical formula of the electric double layer no change in the surface force profiles.

(34) Chan, D. Y. C.; Pashley, R. M.; White, L. R. Colloid Interface Sci.
198Q 77, 283.
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We calculated the surface charge densities for the interaction _ 03

of subunit I and subunit Il in the Tris buffer solution at pH §

8 using the theoretical formula of the electric double-layer E 02l

force34 The surface charge densities calculated from the force 8

between subunits | and Il were 12102 charge/nr, assuming E

that both surfaces have the same charges. This value is consistent 2 01|

with the surface charge densities calculated from the force £

between subunits | and | and subunits Il and II, £.10°2 and <

1.2 x 1072 charge/nri, respectively. 00 10 20 30 40
Interactions between Subunit | and Subunit 1l upon FPP Concentration [uM]

Separation. Figure 5b displays the surface forces between Figure 6. Adhesive force between subunits | and Il versus the FPP
subunits | and llupon separatiorat pH= 8.3. In the 0.1 mM concentration in the 0.1 mM Tris buffer solution containing 1.0 mM NacCl,
Tris buffer solution containing (1) 1.0 mM NaCl at pH 8.3, 1.0 mM Mg, and 6-30 sM FPP at pH= 8.3.

(2) 1.0 mM NaCl and 0.1 mM Mg at pH= 8.3, (3) 1.0 mM
NaCl, 0.1 mM Mg* and 15uM IPP at pH= 8.3, (4) 1.0 mM
NaCl and 15«M FPP at pH= 8.3, and (5) 1.0 mM NaCl and
15uM IPP at pH= 8.3, the interaction was always repulsive.
However, in the 0.1 mM Tris buffer solution containing 1.0
mM NacCl, 0.1 mM Mg, and 15«M FPP at pH= 8.3, adhesive

association constant of a subunit and DSIDACwas esti-
mated to be 0.% 10’ and 1.4x 107 mol~?1 for subunit | and
subunit II, respectively (data not showAt)From a comparison

of these association constants, the association between subunit
| and FPP, 5.7x 10* mol~1, was the weakest of all the

forces were observed upon separation though the repulsive forc association in the multilayers. It has been known that the

was observed upon approach. The intensity of the apparent ydrophobic interaction between the first and second layers is
adhesive force as shown in Figure 5b was 0.20 mN/m. This in the range of 209300 mN/m:®=" much stronger than the

value was constant for the piezo driving velocities of-720 adhesion discussed in this paper. Therefore, the observed

nm/s. We used the “apparent adhesive force” because we didadheswe force should correspond to the interaction force

not count the elastic force that appeared in the force profile petween subunit | and FPP, which is the weakest among these

before the jump-out. If the elastic force of a protein is interactions. We estimated the number of adsorbed protein

considered, the actual adhesive force could be greater. Howeverﬂ? Ieculei per ?n't atre_a u_smt%the QSMt_data and _conta:_ctmgt;] ;ajretza.
it is not very easy to include this deformation; therefore, we € number of proteins in the contacting area 1s estimated to

used the apparent value be 1400 for subunit | and 1700 for subunit3§l.

The interactions between identical proteins (subunits | and | _ FPP ancentrahnoE Deﬁendsn{:y %n Sd[?]euflc Ir;teracnon. )
or subunits Il and II) were always repulsive in all the solutions TO |nve_st|gate whether t 1€ 0 taine adhesive force was the
studied. Therefore. the observed adhesive force could belNteraction between subunit | and subunit Il, the FPP concentra-

attributed to the specific interaction between subunits | and Il tion depen_dency on the specific interactions between S“k_’“”'t :
which were associated by M and FPP. Our observation and subunit Il was measured. The measurement was carried out

agreed well with the report that a catalytically active complex in the 0.1 mM Tris buffer solution containing 1.0 mM NaCl,

v o .
is formed only in the presence of FPP anda¢Figure 1a)t6 1.0 mM Mgz » and 0-30uM FPP at PH_ 8.3. Figure 6 plots
Thus, it is likely that we could form the intermediate complex the adhesive force between subunits | and Il versus the FPP

by bringing the two subunits into contact by AFM and detect concentration. When the FPP concentration increased gd/t15

the adhesive force that possibly bridged the subunits by Fppthe intensity of the average adhesive force became almost
and Mg+ constant. This tendency is consistent with the QCM observation

Binding of Subunits | and Il with DSIDA Monolayers that FPP adsorption amounts bound to su.bunit Il became
Studied by QCM. The LB technique was used for preparing constant at 1%M. When the F_PP concentration was further
the sample surfaces, which consisted of two self-assembling'ncreased’ the average adhesive force s_ee_med o dec_rease to
LB layers adsorbing an additional protein layer. Therefore, it some extent, though the decrease was within the experimental

is necessary to determine which part of the layer assembliesg[)r;)er'r\:fatsigﬁht:s:rgize :;;rstfg’ t'; Iiiﬁznfgﬂ;ﬂ Icht QF(IZDI\;
was separated to give the observed adhesive force. We

determined the association constants between each layer usin@Oncentratlons higher than 184, which should suppress the

the QCM. First, the adsorption amount of each subunit on the omplex formation shown in Figure 1b. These results proviqle
surface of the DSIDA-C monolaver was measured. The another support for the fact t_hat we could detect the adhesive
! yer w . force that bridged the subunits by FPP and?Mg

(35) The reliability of QCM measurement for studying the protein adsorption
was examined by comparing the QCM data with the AFM images. We (36) Claesson, P. M.; Christenson, H. K.Phys. Chem1988 92, 1650.
studied the AFM images and QCM data of a poly(histidine) tagged Sigma (37) Kurihara, K.; Kunitake, TJ. Am. Chem. S0d.992 114, 10927.
A proteins adsorbed to DSIDA monolay@&iThe density of adsorbed Sigma (38) To estimate the number of interacting molecules, we need to know the

A based on the AFM imaging was 1.5 proteins/(100%h1@n the other contact area, which is not possible to be directly determined in the case of
hand, the estimated density of Sigma A using the QCM data was-1.8 AFM measurements. For SFA, we could determine the contacting area using
0.4 proteins/(100 nA). These two values agree well to each other, indicating the fringes of equal chromatic order (FECO). For example, the area
the reliability of QCM for estimating the amount of adsorbed proteins. providing adhesion force of 6.6 10° nN was 8.7 x 1071° m? for

The previous study using QCM demonstrated that the hydration mass is hydrophobic mica surfacé$.The hydrophobic glassplate surfaces used
less than 10% of the molecular weight of the protein (lysozyth€ur in our AFM measurement exhibited the adhesive force of 740 nN. Assuming
data of Sigma A also agree with this report if we assume the difference that this difference is only due to the difference in the contacting area, we
between QCM and AFM based values is due to the hydration. Therefore, can estimate the contacting area to be 010713 m? for our AFM

we think that we can reasonably estimate the adsorbed amount of proteins measurement.

based on the QCM data because in this study we used water soluble proteins(39) Kurihara, K.; Suzuki, T.; Ishiguro, RRroc. OUMS2004 137.
similar to Sigma A and lysozyme. About FPP, the influence of hydration (40) Smith, A. L.; Shirazi, H. M.; Mulligan, S. RBiochim. Biophys. Acta002
should be much less because FPP has a long hydrophobic tail. 1594 150.
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@ Adhesive Force < . . .
0 0 IPP concentration was increased to8@, the adhesive force
0 0.5 1.0 1.5 2.0 was constant. Based on the hypothetical mechanism of HepPP
Mg?* concentration [mM] synthase (Figure 1a), this enzym&ubstrate complex catalyzes

Figure 7. Average adhesive force and the enzyme activity between subunits the consecutive condensation of FPP and four molecules of

| and Il versus the Mg~ concentration:®, enzyme activity in the 25 mM IPP to produce HepPP. Though a precise mechanism of how
Tris buffer solution containing 25 mM NI, 10 mM 2-mercaptoethanol,

0-2.0 mM Mg, 154M FPP, and 0.3M [1-“C]IPP (L.95 TBg/mol) at e HepPP synthase elongates the chain length has not yet been
pH = 8.524 @, the average adhesive force in the 0.1 mM Tris buffer solution clarified, some kind of binding in the enzymsubstrate
containing 1.0 mM NacCl, 2.0 mM mM Mg**, and 15uM FPP at pH= complex must be broken (Figure 1b). Therefore, the decreasing
8.3 of the adhesive forces in the presence of both FPP and IPP

0.3 should be ascribed to the destabilization of the complex. This
result also provided evidence that we could detect the intermedi-
ate state of HepPP synthase using colloidal probe AFM.

Proposed Mechanism of ComplexationTaken together, it
seems that a more likely scenario for the formation of the
0.1} complex first involves binding of FPPMg?"™ with subunit Il
and the subsequent association of subunit I. In the AFM results,
we observed the adhesive forces between subunit | and subunit
0 20 40 60 [l only in the presence of both Mg and FPP. The QCM data

IPP Concentration [uM] in Figure 3 for the presence of M showed that the binding
Figure 8. Average adhesive force between subunits | and Il versus the of FPP with subunit Il, the most probably mediated by g
IPP concentration in the 0.1 mM Tris buffer solution containing 1.0 MM \vas more efficient than the FPP binding with subunit | by a
NaCl, 1.0 mM Mg, 15M FPP, and &-604M IPP at pH= 8.3. hydrophobic interaction. The complex formation process from

Mg2*+ Concentration Dependency on Specific Interaction.  these results is schematically shown in Figure 9.

The enzyme activity is changed by the ¥gconcentration _

according to Zhang et &f.It is reasonable to assume that the Conclusion

enzyme activity should be directly related to the formation of
an enzyme-substrate complex, that is, the adhesive force
observed in the presence of FPP and?M{ o investigate their
correlation, we measured the Kfgconcentration dependence
of the adhesive forces between subunits | and Il in the 0.1 mM
Tris buffer containing 1.0 mM NaCl,-62.0 mM M¢**, and 15
uM FPP at pH= 8.3. These results are shown in Figure 7
together with the Mg concentration dependence of the enzyme
activity. The intensity of the apparent adhesive force increased
with the Mg?" concentration change. No adhesive force was
observed at the Mg concentration of 0 mM and 0.05 mM.
The adhesive forces began to be detected at 0.1 m&t ldgd
became a maximum at 1.0 mM Nig Similarly, the enzyme

0.2}

Adhesive Force [mN/m]

In this research, we studied the molecular mechanism of an
enzyme reaction, which is a complicated biological reaction,
using AFM and QCM. The binding site of the substrate was
determined using QCM. By using the LB method, subunits |
and Il of HepPP synthase were immobilized on glass surfaces,
and the interaction between them was directly measured using
the colloidal probe AFM. It was possible, for the first time, to
detect the interactions involved in the complex formation of
the enzyme subunits, a cofactor and a substrate (FPP in our
case). Furthermore, we demonstrated that the adhesive force
and the catalytic activity simultaneously changed when th&"Mg
concentration was varied, and the IPP may destabilize the

activity also exhibited the maximum value at 1.0 mM Mg substrate-enzyme complex, thus decreasing the adhesive force.
Both values simultaneously changed, though tHe errors in theThese results supported the fact that the observed adhesive forces

average adhesive force were large. This result also supportedV€'e involved in the catalytic reaction, and a possible mecha-

the fact that we could detect one of the reaction intermediates 'S Of the substratéenzyme complexation was proposed. This

of HepPP synthase, the subunit complex by FPP anéMg study demonstrated a very use_ful methodology for examining
Effect of IPP on Specific Interaction. To investigate how 1€ elemental processes of biological reactions, such as an

the interactions between subunits | and Il change when FPpENZyme reaction.
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