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We have investigated the self-assembling process of cellulose artificially synthesized via enzymatic polymerization
by means of in situ and time-resolved SANS (small-angle neutron scattering). The results elucidated the
following: (i) Cellulose molecules synthesized at a special reaction site of the enzyme (cellulase) located on or
near the smooth surface of self-assembled enzymes formed in the reaction medium. (ii) The synthesized molecules
associated themselves via DLA (diffusion-limited association) and crystallized into fibrils. (iii) The fibrils formed

the aggregates, which had surface fractal dimenBigimcreasing from 2 to 2.3 with the reaction time, on the
smooth surface of the enzyme aggregates.

In this communication, we would like to present our recent practical viewpoints. We can find some successful reports
experimental results concerning chemical-reaction-induced self-leading to synthesis of cellulose with a biosynthetic pathway
assembly of reaction products as observed by time-resolvedutilizing Acetobacter xylinumor Phaseolus aureusvhich
small-angle neutron scattering (SANS) as a probe to unveil extracts a nucleoside diphosphate sugar (ADP-, CDP-, or GDP-
mesoscopic-scale structure formation. Full details of the ex- glucose) as substrate monometsn vitro synthesis of cellulose
perimental results will be described elsewhedthough the also has long been one of the most difficult and challenging
particular system to be reported here is a system comprisingresearch subjects. Actually, since 1941, a large number of studies
cellulose molecules artificially synthesized via enzymatic po- tried to overcome the difficulties of attaining regio- and stereo-
lymerization? this type of research is considered to be one of selective synthesis of cellulose, i.e., construction of stereoregular
the general problems in macromolecules which is interdiscipli- polysaccharides having-1,4-glycosidic linkagé:1°
nary in nature, involving both chemistry (chemical reaction at In 1991, Kobayashi et al. reported the first successful non-

a specific site of (_enzyme) and physics (reaction_—induced se_lf- biosynthetic pathway of synthesizing cellulose via enzymatic
as;embly of reaction products). The problems will be found in polymerizatior? The cellulose thus synthesized had a degree
various open none'qumbrlum macromolecul'ar SVS‘e".‘S that are of polymerization (DP) with respect to the glucose unit as high
open for various k|n_ds of ﬂ_OWS' The Che”_"ca' reaction intro- 575 Despite this advance in the cellulose chemistry, the self-
pluced to the system is considered to be a kind of ex_ternal energyassembling mechanism, processes, and structures of cellulose
Imposed on the system: we should note a strong interplay be'molecules created at a specific site on the enzyme have not yet

t\NeIﬁrlhrir;o\Isg;Jkla\ereIf;:sztre;nstlay :rr]e?télhetv?/rclestrt];%?(la f:lﬁ?ig?]'s A been fully explored. Furthermore, physical factors controlling
S prep parately X the self-assembly of the reaction product are not yet fully
and B, as will be detailed below. Mixing the two solutions pro- understood

vides energy required for the enzymatic polymerization reaction . . . .
and the reaction-induced self-assembly. In this sense, our system !N this work, we aim to clarify those problems as described
is considered to belong to an open nonequilibrium system. We @b0ve. For this purpose, we employed exactly the same polym-

focus on self-assembling processes, mechanisms, and structure®iZation process as established previously by Kobayashi%t al.:
particularly on the mesoscopic scale, because they have not beerf© @ solution off-cellobiosyl fluoride (10.3 mg, 2.% 10°°
well-explored, despite its general importance for understanding M0!) in 170uL of acetate buffer in BO (pD = 5.0, 0.05 M)
pattern formation in nature, including biological systems. was added acetonitrile (10Qd) (solution A). To this solu-

An enormous number of studies concerning structures, tion A, 30 uL of acetate buffer in BO (pD = 5.0, 0.05 M)
biosynthesis methods, and chemical and physical properties ofcontaining unpurified cellulase (originating frofitichoderma

cellulose have accumulated so far, from both scientific and viride; 0.52 mg, 5 wt % per weight of substrate monomer;
solution B) was added to give a total reaction volume of 1200

t Japan Atomic Energy Agency. uL (acetonitrile/buffer= 5/1 v/v) and a monomer concentration
¥ Department of Polymer Chemistry, Graduate School of Engineering, of 0.025 M. The use of deuterated species for the reaction
Kyoto University. medium is to enhance the scattering contrast of the monomers

5 ) . ) ) J )
Kyogegﬁ:'\tlrggﬂtyof Materials Chemistry, Graduate School of Engineering, and the polymers (ceIIquse). The mixed solutlon—fﬁB) was

I Present addres® & D Center for Bio-based Materials, Kyoto Institute ~ 'apidly tranSfe"e.d into a quartz cell with 2 mm thiCknessn and
of Technology, Kyoto 606-8585, Japan. the cell was set into a chamber controlled precisely at@G0
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Figure 1. (a) SANS intensity distribution (differential scattering cross section in the absolute unit) for the enzyme solution B (filled square) and
the reaction solution A + B at 18 h after the enzymatic polymerization (open square). The g-independent intensity level of 2 cm=1 arises from
incoherent scattering from the solutions. (b) Time evolutions of aggregated cellulose molecules on the surface of the enzyme association as
illuminated by time evolution of surface fractal dimension Ds, the front factor A related to an amount of the aggregated cellulose molecules, and
monomer conversion Cy (%).

Then, the polymerization started, and time was set equal to zero 1"
for the time-resolved studies. The time-resolved SANS mea- ~ 11
surements were conducted with an SANS-J spectrometerTE

installed at research reactor JRR-3 of Japan Atomic Energy =2 10

TTTTTTTTTITTITTT

Agency (JAEA) at Tokai. Circularly averaged scattered intensity 10°

was obtained as a function gf whereq is a magnitude of the ¢

scattering vector, defined iy = (4x/4) sin(0/2) with A and 0 = 10

being the wavelength and the scattering angle, respectively. | i c o dUSANS
Further details of the SANS experiments should be documented 10* 10° 10> 10"
elsewheré. p {nm"} “SANS

It should be noteworthy that the SANS profile for the enzyme _ _ _
solution itself (solution B) shows an upturn toward the loger ~ Figure 2. Combined SAS scattering profiles (USANS, USAXS, and
region ofg < 0.1 nnrl obeying Porod’s lawl d>/dQ = Aq"“ SANS) for the self-assembly of the synthetic cellulose. SANS profile

indicated b. th ’ lid line in the Fi ,l heFdd® i ' was corrected for incoherent scattering. The inset shows a typical
as indicated by the solid line in the Figure 1a whe: is FE-SEM micrograph.
the differential scattering cross section in absolute intensity scale

(cm™) andA s the front factor independent gf This suggests  power law for &/dQ elucidated extends over only about one
the existence of superstructures in solution B having an averagedecade with respect tp To further check validity of the power
size of more than several hundreds of nanometers. Moreover,Jaw, we applied a combined small-angle scattering (SAS)
the superstructures must have a smooth interface and infini-method of USANS (ultra-small-angle neutron scattering), SANS,
tesimally thin interface thickness (sharp interface), as revealedand USAXS (ultra-small-angle X-ray scattering) to the system
by the Porod’s law type of scattering profile. Since the diameter jn which the polymerization reaction was terminated at 18 h
of one cellulase molecule is estimated to be about Siie after onset of the polymerization. The details of the combined
superstructures are considered to be associations of largeSAS method as well as those of confirmation of no change of
numbers of enzyme molecules. The association of enzymes isthe SAS before and after the termination should be referred to
quite reasonable, because enzymes have both hydrophobic angd|sewheré. The results are shown in Figure 2, which clearly
hydrophilic parts, and the hydrophobic interactions of en- elucidates the power law witlh = 3.7 extending over 3 orders
zymes may outweigh their hydrophilic interactions with the of magnitude in the length scale (froB0 nm to at least-30
reaction medium. um). The same system was explored also under field-emission
After the onset of polymerization, the scattered intensity electron microscopy (FE-SEM). The FE-SEM observation under
drastically increased with time, as also shown by the scattering varying magnification also elucidated self-similar rough surface
profile in Figure 1a obtained at 18 h after the polymerization. with upper and lower cutoff lengths $30 um and 30 nm,
The profile is expressed by a power laviz/dQ2 = Pg~ with respectivelyt The inset to Figure 2 shows a typical FE-SEM
o being equal to 3.7, indicating a possibility that synthesized micrograph obtained under the highest magnification, elucidating
cellulose forms an aggregated structure with self-similarly the lower cutoff length of the fractal surface 630 nm. It
rough surface having surface fractal dimendiygiven byDs remains as future challenging work to check whether the power
= 6 — .13 The time-resolved SANS experiments revealed |aw exists during the polymerization over such a wigeange
that as the polymerization proceeds the power-law expoment as observed above.
tends to decrease from 4.0 to 3.7, and therefore, surface fractal On the basis of the results elucidated in Figures 1 and 2
dimensionDs increases from 2.0 to 2.3 with time, as shown in  together with previously established information on enzyme
Figure 1b. This means that, as polymerization proceeds, theresearct;1> we can now visualize a “specific reaction field”
surface of the aggregates becomes rougher due to the successiv®mposed of enzyme associations in the reaction medium as
formation of cellulose molecules as revealed by the increase of schematically shown in Figure 3. In the length saate 27/q
the front factorA in parallel to the increase of monomer covered by the SANS (% r < 200 nm), the enzyme association
conversionCy, as also shown in Figure 1b. appears to have effectively smooth and planar interface with a
Since the time-resolved SANS experiments would be able sharp interface boundary as shown in part (a). The enzyme
to cover only the narrow range gfas shown in Figure 1la, the association contains only a small number of active enzyEB%
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Figure 3. Schematic illustration of the reaction field of enzymes and the reaction-induced self-assembly of the reaction products.

(less than 1%), which can activate the enzymatic polymerization, \\‘“ e / /
because unpurified enzymes were used in these stifdiesa \\ k',,/‘m SR / /ﬁ
consequence, the active enzymes are statistically isolated and \ B

far apart among others in the enzyme association, which is a (a)
crucial point in this work.

An active enzyme shown in Figure 3b contains an active
center as shown in Figure 3c, and the active center has one set
of active subsites in a special place of the enzyme of the so-
called cleft having~3 nm in length and 0.55 nm along the cross-
sectional direction$!® Driven by osmotic pressure, a substrate
monomer £1 nm) diffuses into the active site, from the reaction  (b)
medium outside the enzyme association, where it is recognized,
activated, and reacted (chemically linked via condensation Figure 4. Schematic illustration of reaction-indut_:gd self-assembling
reacion) 0 a growing polymer chaln recognized and anchored PSS 2 elues eces, @ T i e
in an_other a‘?“"e subsite as shown in part (C) ; After. a completion are expected to locate far apart from each other. Each active center
of this reaction cycle, another monomer diffuses into the same prouces an enormous number of cellulose molecules as schemati-
active subsite where it is recognized, activated, and reacted. Ascally shown by the lines via the turnover reactions.'” (b) The cellulose
a consequence, the mass center of the growing polymer chainmolecules diffused out from the active center toward the reaction
shifts. This cycle is repeated, which may be considered as amedium, driven by osmotic pressure, where they associated them-
“turnover for the monomer reaction” as remarked in the left selves via DLA and would eventually crystallize into fibrils. The
side of part (c). A polymer chain grows due to the successive ?Ilustration' of part b represents a cellulose sglf-a_ssembly developed

. . in a relatively early stage of the polymerization. At the end of

turnovers for the monomer reaction. Then, the growing polymer polymerization, the enzyme association will occupy only a minor
chain end may be eventually brought away from the active fraction of the net assembly comprising celluloses and enzymes'’
subsite, which may be driven also by osmotic pressure, due toand will be fully covered by the self-assembled cellulose fibrils in the
an increased local polymer concentration in the cleft and its average volume fraction which is expected to be very small in the
surrounding space (a very narrow and confined space) as a@Ssembly.®
consequence of increased DP. It should be noted that theevolution of the cellulose association formed in the periphery
polymer concentration outside the enzyme association is gener-of the enzyme association.
ally very small. The polymer chain brought away from the active The results obtained in Figures 1 and 2 suggest the following
subsite terminates polymerization. Another chain must start to scenario for the reaction-induced self-assembly of cellulose
grow at the same subsite, which may be considered as “turnovermolecules. A great number of cellulose molecules are created
for polymer growth” as also remarked on the right-hand side one by one in each active center in the enzyme assoctatisn
of part (c). The polymer chains thus created diffuse out from schematically depicted by a number of lines in Figure 4a, due
the active center toward reaction medium outside the enzymeto the two kinds of the successive turnovers as discussed above
association, again driven by osmotic pressure, and associatgFigure 3). Here, the length scale of observation was made larger
themselves into aggregates via hydrogen bonding, because theyhan the case of Figure 2 (e.g., of the order of micrometers), so
are not solubilized in the medium, as schematically shown in that the enzyme association shows a curvature. As a conse-
the right edge of part (a) in Figure 3. The SANS will trace time quence, particular portions of surface of enzyme associatioe:Br\s

enzyme association

D=23
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enriched by reaction-terminated polymers, which should diffuse  (2) Kobayashi, S.; Kashiwa, K.; Kawasaki, T.; ShodaJSAm. Chem.
away from the surface along the direction (defined-dsection) Soc 1991, 113 3079-3084.
normal to the surface (longitudinal diffusion), driven by osmotic ~ (3) Mark, H. Cellul. Chem. Technoll98Q 14, 569-581.

(4) Colvin, J. R.Nature (London)1959 183 1135-1136.
pressure. It should also be noted that the polymers created at (5) Elbein. A. D.: Barber, G. A.: Hassid, W. 4. Am. Chem. S0d964
active sites may be wet on and spread over the surface of the 86, 309-310.
enzyme association through hydrophobic interactions of cellu-  (6) Schiubach, H. H.; Luehrs, LLiebigs Ann. Cheml941, 547, 73—
lose molecules and hydrophobic parts of enzymes (lateral 85.
diffusion). As a consequence of these lateral and longitudinal (7) Klar, J.Chem.-Ztg1963 87, 731.
diffusion of cellulose molecules, a concentration gradient of ~ (8) Hirao, S.Agric. Biol. Chem1973 37, 187.
cellulose molecules will be developed along #girection such (9) Micheel, F.; Brodde, O.-&.; Reinking, Kiebigs Ann. Chemm 974

. : ! 124-136.
that the concentration decays witlirom the interface located (10) Uryu, T.. Yamauchi, J.; Kato, T.; Higuchi, S.; Matsuzaki, K Am.

atz=0. Chem. Soc1983 105, 6865-6871.

The synthesized cellulose having the low®B more or (11) Porod, GKolloid-Z. 1951, 124, 83—111.
less rigid and has an extended or rodlike conformation with a (12) Davies, G. J.; Dauter, M.; Brzozowski, M.; Bjgrnvad, H. E;
length of ~5.5 nm and diameter 6£0.3 nm, thus having an Anderssen, K. V.; Schein, M. Biochemistryl998 37, 1926-1932.

aspect ratio o~~18. The polymers cannot be dissolved in the ~(13) Hurd, A. J.; Schaefer, D. W.; Glines, A. M. Appl. Cryst 198§

. . i . 21, 864-869.
aqueous reaction medium and hence associate themselves |nto(14) Martin, J. E.J. Appl. Cryst 1986 19, 25-27.

the aggregates, when they encounter each other, driven by (15) Lee, J. E.; Brown, R. M., Jr.; Kuga, S.; Shoda, S.; Kobayashi, S.

diffusion, and eventually crystallized into fibrils. This reaction- Proc. Natl. Acad. Sci. U.S.A994 91 7425-7429.

induced self-assembling process driven by diffusion-limited (16) During the purification procedures of the crude enzyme to obtain

aggregation (DLAY14results in the self-assembled structure the active enzyme with assaying the polymerization protete

having a fractal surfacedg = 2.3) at the long time limit of the total weight of the starting enzyme was much reduced to less than 1
1 Ira 4 : . p . 0 ; ; - .

polymerization, as shown in Figure 1b and schematically ‘é";zi‘/’rgipf‘;;oc);mately 0.1 wt %) after isolation of the purified active

depicted in Figure 4b. (17) We can roughly estimate a total number of cellulose molecules

1
It is important to note the the self-assembled cellulose N: celluloseCreated per active enzyme during the whole reaction process
molecules does not form a densely condensed phase, though on the basis of information obtained from the experimental condi-
the schematics shown in Figure 3(a) and 3(b) may give such tions: substrate monomer concentration [Kaf;, DP, concentration
an impression that they give rise to the densely condensed phase.  ©of total amount of enzyme [E](g/L) including both active and
The self-assembled structures are expected to still have enough ~ inactive ones, a number fraction of active enzyig@nd molecular
free space for the monomers to diffuse through the assembly weight of enzymeMen, The concentration of synthesized cellulose

. . . [C] is estimated as [CF [M] Cu/DP = 0.025x 0.75/5.5= 3.41 x
of cellulose formed in the periphery of the enzyme association 103 M. Concentration of active enzyme [ estimated as [E}=

into the active sites and for the reaction-terminated polymers ([E]WMeny) fa = [0.433/(3.7x 10%]0.1 x 102 = 1.17 x 108 M
to diffuse out from the active sites through the surface of the wheref, is assumed to be 0.1% and [B} estimated to be 0.52-
enzyme association to the reaction medium, both driven by (mg)/1.2(mL)= 0.433(g/L) from our experimental condition. Then,

osmotic pressure, because the average volume fraction of =~ Nceluoseis estimated abkceiiose= [CY[E4] = 3.41x 10°¥1.17

polymers in the assembly is still as low ad x 10319 As a 1078 = 2.9 x 1(P. This corresponds to weight ratig of amount of
’ synthesized cellulose molecules to one active enzypve, N celulose

consequence, the enzymatic polymerization further propeeds, MeeuiosdMens = (2.9 x 10F) x 1840/(3.7x 10%) = 1.4 x 10* where
and the self-assembled structure of cellulose grows in the MeelluioselS average molecular weight of cellulose (1840) g, =
periphery of a round enzyme association, as shown in the inset 3.7 x 10% Thus, both\; celuioseandry, are estimated to be quite large!
to Figure 2, where the enzyme associations, which are sur- (18) At18 h after onset of the enzymatic polymerization wi@seeached
rounded by the cellulose aggregates, occupy only a minor vol- a constant value of 75%, the number average molecular weight, -
ume fraction of the cellulose assembly. The growth is expected of the reaction product was determined to be 1840 by size exclusion

- . . chromatography, corresponding to BP11 in the glucose unit, as
to result_ in radial ex.pan.5|on of the cellulose assembly as will be detailed elsewhereGenerally in carbohydrate chemistry, a
schematically shown in Figure 4b.

“polysaccharide” refers to a substance having more than 10 monosac-

According to our scenario for the reaction-induced self- charide units [Kennedy, J. F.; White, C. A. Polysaccharides. In
assembly of cellulose, both the diffusion of the monomers to Comprehensie Organic ChemistryBarton, D., Ollis, W. D., Haslam,
the active site and the diffusion of reaction-terminated polymers E., Eds.; Pergamon Press: Oxford, 1979; Vol. 5, pp-7530].
from the active site toward the reaction medium are considered According to this terminology, the present product belongs to the

to be crucial parameters which control DP of the polymer cellulose, a typical polysaccharide, family.

. T . . . (19) The average volume fraction of synthesized cellulose molegules
§yntheS|zed via in vitro e_nzymatlc p0|ymerlz_at_lon' The_ pioneer- can be estimated as follows. The number density of the synthesized
ing works by Kobayashi et &lalready implicitly elucidated cellulose molecules, is estimated from total number of monomers
this fact by indicating that yield of the reaction products depends converted into cellulose gs = 0.025x 0.75 x 6.0 x 10%35.5 =
on composition of organic solvent and acetate buffer as well as 2 x 107 (cellulose molecules/L) where 0.025 is molar concentration
the type of organic solvent used. Perhaps we need a much finer of monomer (mol/L), 0.75 iCu, and 5.5 is DP off-cellobiosyl
control of the thermodynamic properties of the reaction medium gzﬁ’r\'l‘i‘:yr‘l‘oov\rI‘?gir-zN:Vszt[‘i ‘;"ing)elfsrzait'g”‘gs(ne;isgat_eg g’xbe
than the preV|'ou.st reported conttah order to attz?un a higher 1070 (/L) = 1.0 x 10°2, noting that 1 L= 107 n¥, This value
_DP value. This is because the local Concentrat"_m Of_ polymer of ¢ was obtained by assuming that the synthesized cellulose
in the narrow space restricted around the specific site of the molecules are uniformly dissolved in the reaction medium. Actually,
enzyme becomes very high as polymerization proceeds (Figure the cellulose molecules are aggregated in the periphery of the enzyme
3b,c). The studies along this line deserve future work. association, so that the local concentration of cellulose in the assembly

is much higher than X 1073, Nevertheless, we anticipate there is
References and Notes enough free space in the assembly for diffusion of monomers and
) ) ) ) ) reaction-terminated polymers.
(1) Tanaka, H.; Hashimoto, T.; Koizumi, S.; Kurosaki, K.; Kobayashi,
S. In preparation. BM0605255
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