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Abstract—Alginates are (1—4)-linked structural copolyuronans consisting of B-p-mannuronic acid (M) and its C-5 epimer o-L-gulu-
ronic acid (G). The residue sequence variation is introduced in a unique postpolymerisation step catalysed by a family of C-5 epime-
rases named AIgE enzymes. The seven known AlgE’s are composed of two modules, designated A and R, present in different
number. The molecular details of the structure—function relationship of these seven epimerases, introducing specific residue
sequences, are not understood. In this study, single-molecular pair interactions between alginate and AlgE enzymes were investi-
gated using dynamic force spectroscopy. The AIgE enzymes AlgE4 and AlgE6, the recombinant construct PKA1 composed of
A- and R-modules from various AlgE’s, as well as separate R- and A-modules were studied. The strength of the protein—-mannuro-
nan interaction, when applying a loading rate of 0.6 nN/s, varied from 73 pN (AlgE4) to 144 pN (A-module). The determined poten-
tial width, that is, the distance from the activation barrier to the bound substrate molecule, was 0.23 nm for AlgE4, 0.19 nm for
AlgE6 and 0.1 nm for the A-module. No attraction was observed between the R-module and the substrate. The observations indi-
cate that the A-module contains the substrate binding site and that the R-module modulates the enzyme-substrate binding strength.
The observed AlgE4-polymer residence times, two orders of magnitude longer than expected from k., reported for AlgE4, not

observed for PKAI, led us to propose a processive mode of action of AlgE4.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Molecular monolayers, including layers of functional
biological macromolecules, which retain their function
in the immobilised state on solid surfaces, are important
in material science, analytical detection and other
technology approaching the nanoscale. Studies of such
layers have offered new insight into the functional
properties and single-molecular features. Results ob-
tained so far using AFM include high-resolution images
of DNA, proteins,” or living cells adsorbed on biomate-
rials.? In addition to the powerful imaging capabilities of
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the AFM, it also provides a tool for measuring and
mapping forces with high spatial resolution. This meth-
odology has allowed studies of surface properties as, for
example, hardness, friction or elasticity* or localisation
of specific receptors on that is the cell surface.’ Recently,
the focus of many AFM based experiments has shifted
to direct measurement of the force required to separate
molecules making up molecular complexes. To measure
intermolecular forces with AFM, the AFM tip is func-
tionalised in order to exhibit the desired material and
chemical properties at its surface. The molecules ex-
posed on the surface of the tip are then allowed to inter-
act with other molecules, which are often immobilised
by selective binding to a surface. Pulling experiments
in which the tip—surface separation speed is changed in
such a way that the force per unit time acting on the
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molecular bond under study is changed over many or-
ders of magnitude, are referred to as dynamic force spec-
troscopy.®’ This experimental set-up opens for studies
of the mechanics of biological interactions that is the
influence of force on structural stability, conformational
transitions, intermolecular interactions and single-mole-
cule function, and therefore represents the ultimate limit
for biochip analysis. Examples of studies performed
using this technique include the study of complexes
formed between complementary strands of DNA,® bio-
tin and avidin,” antigens and antibodies,'® carbohy-
drates and lectins,™'! glycan polysaccharides,'? as well
as numerous studies of mechanical induced conforma-
tional changes'® or unfolding mechanics of proteins.'*
The present study describes single-molecule dynamic
force spectroscopy applied to determine the strength
and the energy landscape of the interaction between
alginate polysaccharides and the structurally similar,
but functionally different AlgE4 and AlgE6 epimerases
(Table 1). Alginates are structural copolyuronans con-
sisting of (1—4)-linked residues of B-p-mannuronic acid
(M) and a-L-guluronic acid (G) (Fig. 1). They are ubiq-
uitous in the extracellular part of brown algae and are
secreted by bacteria of the Azotobacter and Pseudomo-
nas genera.'> The composition of the polymers vary
from 100% M (polyM, also referred to as mannuronan)
to more than 70% G. Naturally occurring alginates are
composed of regions of M and G, termed M- and G-
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blocks, of varying length, interspersed with regions of
alternating structure (MG-blocks). This sequence, which
is non-random and which cannot be described by Ber-
noullian statistics, is introduced in a postpolymerisation
epimerisation of a fraction of the M units. This epimer-
isation is catalysed by a family of mannuronan C-5
epimerases, the AIgE’s.

The Azotobacter vinelandii genome encodes seven evo-
lutionary related and Ca®"-dependent C-5 epimerases
(AlgE1-7). All seven enzymes have been sequenced,
cloned and expressed at high levels and in active forms
in Escherichia coli.'® The reaction products obtained
after exposing polyM alginate to these enzymes are
highly dependent on the enzyme (Table 1). AlgE4 and
AlgE6 may be seen as the extreme examples, as observed
by NMR spectroscopy. AlgE4 generates predominantly
an alternating residue sequence, a pattern, which does
not allow gel-formation in aqueous Ca®'-containing
solutions. AlgE6 introduces long stretches of G (G-
blocks) and the content of G in the product can reach
78%.'® Such polymer-products support gel formation
by complexation with Ca®". AlgE2 and AIgES generate
shorter G-blocks than AlgE6, while AlgEl1 and AlgE3
both display two distinct catalytic activities, one gener-
ating G-blocks and the other alternating sequences.'®
AlgE7 is clearly different from all the others, in that it
displays both epimerase and lyase activity.!” By modu-
lating the expression levels of the different AlgE

Table 1. The modular structure and epimerisation patterns of AlgE epimerases

Epimerase Modular structure Epimerisation pattern
Fg Fsa Fyvc.om Ne=1)* Fg/Fu

AlgEl 0.47 0.23 0.25 8.5 1.9
AlgE2 0.63 0.45 0.18 7.4 3.5
AlgE3 0.65 0.46 0.19 9.0 34
AlgE4 0.36 0.04 0.33 1.1
AlgES 0.43 0.28 0.15 5.8 2.9
AlgE6 0.78 0.57 0.21 15 3.7
AlgE7 i 0.34 0.09 0.25 1.4

Ay RiR, Ry

The A- and R-modules are grouped based on sequence alignments,'®!” as indicated by the different patterns.
#Mean G block length: Ng-1) = (Fg — Fmom)/Foam. if Fgg is below 0.1, this parameter cannot be accurately calculated.
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Figure 1. Block structures of polyuronic acids: (1—4) linked residues of B-pD-mannuronic acid (polyM), (1—4)-linked residues of a-L-guluronic acid
(polyG) and (1—4)-linked alternating sequence of B-pD-mannuronic acid and a-L-guluronic acid (polyMG).

enzymes, A. vinelandii cells control the viscoelastic prop-
erties of their polysaccharide secretions. In the same
way, recombinantly produced AIgE enzymes can be
used as tools for controlled modification of alginates.'®

The AIgE enzymes are all composed of two structur-
ally distinct protein modules, designated A and R. The
A-modules are present in one or two copies in each en-
zyme (Table 1). This module contains the alginate bind-
ing site'” and is sufficient for epimerisation, although the
observed reaction rates for A-modules alone are low
compared to what is observed for the intact AlgE’s con-
taining R-module.!” The R-module is present in one to
seven copies. It contains a residue motif, which resem-
bles Ca®*-binding motifs found in other proteins,'®
and both A- and R-modules bind this ion in vitro. Such
modular structure is unusual for bacterial proteins, and
the nature of the structure/function relationships is not
understood at a molecular level. The differences in the
pattern of G-units introduced in the mannuronan sub-
strate by the enzymes are to some extent reflected at
the amino-acid sequence level of their A-modules. On
this basis, the A-modules have been classified into three
groups.'”?® The ones known to generate alternating

sequence structures in their substrates belong to one
group. Interestingly, this group also includes the A-
module present in AIgE6, an enzyme capable of generat-
ing very long G-blocks. The classification based on
sequence alignments, therefore, does not conclusively
reflect the biochemical properties of the enzymes.

Any enzyme that has more than one substrate-binding
subsite, and performs multiple modifications on the sub-
strate, may display processivity. Enzyme processivity is
a measure of the average number of times a reaction is
repeated between association and dissociation of an
enzyme—substrate complex. The polymer modifying
enzymes involved in the biosynthesis of the glycosami-
noglycans heparin and heparan sulfate are supposed to
act in a processive fashion.”! For the alginate case, the
formation of long blocks (MG or GG) can be explained
by either a high degree of processivity, or by a preferred
attack mechanism. The alternating MG sequence
observed in polyM converted by AlgE4 has been taken
to indicate a non-random, possibly a processive mode
of action for this enzyme.”” In a recent study, involv-
ing specific degrading enzymes, NMR, electronspray
ionisation mass spectrometry (ESI-MS) and capillary
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electrophoresis, it was shown that on average 10 resi-
dues are epimerised for each AlgE4 substrate encoun-
ter.”> This methodology, combined with the use of
13C-labelled mannuronan oligomers as substrate for
the epimerase, allowed identification of a hexameric oli-
gomer as the minimum substrate chain length needed to
accommodate activity.

Here, dynamic force spectroscopy is applied to deter-
mine the interaction between selected AIgE epimerases
and their substrate, as well as to address questions con-
cerning the structure to function relationship and the
mode of action of these enzymes. The method employed
for covalent binding of polysaccharides and enzymes to
functionalised mica substrates or atomic force micro-
scope (AFM) tips was characterised and optimised.

2. Experimental procedures
2.1. Materials

2.1.1. Polysaccharides. High molecular weight polyM
alginate was produced by growing an epimerase nega-
tive (AlgG™) mutant of Pseudomonas fluorescens, and
was provided by SINTEF, Applied Chemistry (Trond-
heim, Norway). The weight average molecular weight
of the polyM sample, determined by SEC-MALLS,**?
was M, = 645 kDa. The sample depicted PolyMG algi-
nate was prepared from polyM by epimerisation with
AlgE4, giving a product with a fraction of G, Fg of
0.46. The commercial alginate used had been extracted
from the leaf of Laminaria hyperborea. The composition
and sequence parameters of this alginate has earlier been
determined to Fg = 0.55, fraction of M to be Fy; = 0.45
and the three fractions of diad combinations Fgg =
0.38, Fyy = 0.28 and Foym = 0.17."° The sample
used had a My, equal to 455 kDa. The extracellular poly-
saccharide xanthan was produced by fermentation of
Xanthomonas campestris. The polysaccharide fraction
of the fermentation broth (Statoil, Bioferm) had been
cleaned and isolated by centrifugation, precipitation
and filtration and was dissolved in 0.1 M NaCl.

2.1.2. Proteins. The C-5 epimerase AlgE4, M =
57.7 kDa, was produced by fermentation of recombi-
nant strains of E. coli, JM 105?° and partly or highly
purified by ion exchange chromatography on Q-Sephar-
ose FF followed by hydrophobic interaction chromato-
graphy on Phenyl Sepharose FF (Pharmacia, Uppsala,
Sweden).”> The AlgE4-A-module was produced from
a truncated derivative of AlgE4 in which the R-module
had been removed at the DNA level. To express and
purify this A-module, the IMPACT-CN system from
New England Biolabs was used. The R-module was pro-
duced by transferring genes coding for the R-module to
E. coli cells. A fusion protein, verified to be the R-mod-

ule, was expressed by the genetic modified E. coli cells.?®
The hybrid epimerase PKA1 was produced similarly.?’
AlgE6 was produced using E. coli strain SURE carrying
the plasmid pBG27 as previously described.!” BSA was
obtained from Sigma.

2.1.3. Chemicals. Glutaraldehyde was obtained from
Sigma-Aldrich. The other reagents used were supplied
by Acros organics. The MQ-water used had a resistivity
equal to 10.3 MQ cm.

2.2. Methods

2.2.1. Surface immobilisation of enzymes. Recombi-
nantly produced AlgE4, AlgE6 as well as the A- and R-
modules of these enzymes were immobilised on separate
mica surfaces. The immobilisation procedure used in-
cluded silanisation, attachment of coupling agent
(glutaraldehyde) and protein conjugation to unreacted
aldehyde groups of glutaraldehyde (Fig. 2) as de-
scribed.”® Mica surfaces covered with BSA, used to test
the specificity of the measured interaction were prepared
using the same immobilisation strategy. Additionally, the
AlgE4 preparation was in some of the experiments
blended with a 1 mg/mL stock solution of BSA prior to
the enzyme conjugation step in order to reduce the sur-
face density of epimerases. The mass ratio of the two pro-
teins, that is, majgpa/mpsa, Where majeg4 is the mass of
AlgE4 and mpga the mass of BSA added to the solution,
was 0.1. The total mass of protein added was the same as
in the procedure involving only AlgE enzymes.

2.2.2. Dynamic contact angle measurements. The con-
tact angle, 6, between water and mica was determined
in order to characterise the surface properties at the var-
ious stages of the immobilisation procedure of mica
(1 cm x 1 cm) using a Sigma 70 tensiometer. The surface
reaction had proceeded on both sides of the mica slide.
The surface tension of the liquid used (MOPS (3-[NV-
morpholinoJpropanesulfonic acid) pH 6.8) was mea-
sured using a Du Nouy ring, which was moved up and
down by a speed equal to 10.0 mm/min. The immersion
depth was S mm and data were collected starting from
2.5 mm below the surface. The mica slides were placed
on the balance and tarred. The force acting on the bal-
ance was recorded as the slides were immersed into the
liquid. The wetting force is a product of the liquid
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Figure 2. Schematic illustration of functionalised mica slides. Freshly
cleaved mica was cleaned, silanised and functionalised as described in
the text to give surfaces covered with covalently bound active proteins
(depicted as grey sphere).
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surface tension, a perimeter of the probe and the contact
angle. In order to obtain this force from the total force
acting on the balance, the weight of the probe was
subtracted and the effects of the buoyancy force
removed by extrapolating the graph back to zero depth
of immersion.

2.2.3. Tip-functionalisation. The carboxylate group of
the polysaccharides employed was utilised for covalent
attachment to the AFM tips. The SiO, layer of the stan-
dard commercially available SisN4 cantilever (Veeco
Instruments) was silanised using the same silanisation
reagent as for the mica surface.”>*® Subsequently, the
amine group of the silanisation reagent was coupled to
the carboxyl group of the polysaccharide using the water
soluble coupling agent N-ethyl-N'-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDAC).*! EDAC
was added to a solution of alginate (20 pg/mL) dissolved
in 50 mM boric acid pH 5.8, to give a final concentra-
tion of EDAC of 0.5-1.0 mg/mL. The tip was left in
contact with this solution at room temperature for
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Figure 3. Schematic illustration of forced unbinding experiment on
AlgE6 enzymes and mannuronan polysaccharides and the interpreta-
tion of characteristic features observed in the force curves. When the
experiment starts, the polysaccharide-functionalised AFM tip is
positioned high above the AlgE4-functionalised surface (al). The tip
is allowed to approach the surface covered with immobilised proteins
by controlling the z-piezo movement. Continuous recording of the tip
deflection gives rise to an approach curve (grey line). The surface of the
sample is considered to be in contact with the tip when the output of
the photodiode becomes a linear function of the sample displace-
ment.**> The polymers immobilised onto the tip are allowed to bind to
active clefts on the immobilised enzymes while remaining in contact
with the surface for 100 ps (a2). After this delay period, the tip is
retracted from the surface (r1-r5). If a polymer—enzyme complex has
formed, the polymer will, at a certain height above the surface, be
pulled taught between the tip and the surface (r3-r4). This event gives
rise to a deflection of the tip. The length of the polymer segment being
stretched between the tip and the surface determines the position at
which this happens. Upon further retraction of the tip the polymer—
enzyme complex will dissociate, and the tip returns to its rest deflection
(r5).

1-14 h, transferred to MQ-water and stored until used.
Xanthan-functionalised tips used to test the specificity
of the measured interaction were prepared using the
same reaction (20 pg xanthan/mL 50 mM boric acid).
Contact mode AFM tips with nominal force constant
k=0.06 nN/nm functionalised with polysaccharide
chains were calibrated using the equipartition method.*?

2.2.4. Atomic force microscopy. AFM topographs of
the mica surfaces at different steps in the immobilisation
process were obtained using a Digital Instrument Multi-
mode [Ila atomic force microscope equipped with an
E-scanner and a liquid cell. When inspecting dried
samples, the AFM was operated in tapping mode. In
this case, tapping mode silicon cantilevers TESP
(Digital Instruments, Santa Barbara, CA) with nominal
spring constants of 20-100 N/m and nominal reso-
nance frequencies of 200-400 kHz were employed as
described.**** When inspecting hydrated samples, the
liquid cell was mounted and the microscope was oper-
ated in contact mode. Contact mode tips with a nominal
spring constant of 0.06 N/m were used. The topographs
were obtained at scan sizes in the range 1 pm X 1 pm to
Sum x5 pum (512 x 512 pixels) and flattened line by line.

2.2.5. Force spectroscopy. Force—z-piezo translation
distance curves were obtained as described in Figure 3
using the same AFM, liquid cell and contact mode tips
as for the image collection. An average adhesion force
between the tip and surfaces at the various stages of
the immobilisation procedure were obtained by record-
ing force curves, including different positions on the sur-
faces. The surface of the sample was considered to be in
contact with the tip when the output of the photodiode
became a linear function of the sample displacement.*

Force spectroscopy of the polysaccharide—protein
interactions was carried out at room temperature unless
stated otherwise. The measurements were performed in
20 mM MOPS pH 6.8, with 2 mM CacCl, or other diva-
lent salts added to test divalent cations as co-factors for
enzymatic activity.”? The polysaccharide-functionalised
tip was brought in contact with the immobilised proteins
or protein modular components by controlling the
z-piezo movement, allowed to form substrate-active
cleft interactions while remaining in contact for 100 ps,
and withdrawn. In the analysis of the forced unbinding,
the approach detailed by Bell*® and Evans,®*” which is
based on Kramers’ rate theory is applied. It has been
shown that, under constant loading rate, the probability
density P(f) to observe a bond rupture of an adsorbed
molecule at the force fis’’

P(f) = K exp (;{CZ—J;) exp [kil;ffT (1 —exp (Z—;))]
(1)
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In Eq. 1, kK is the dissociation rate constant without an
external force, x; is the thermally averaged distance,
projected along the direction of the applied force,
needed to reach the transition state and kg7 is the ther-
mal energy. Recently, the parameter x; is alternatively
suggested for multiple barriers to represent the distance
between the position of the lowest energy state and the
rate limiting barrier at a given force-loading rate at
constant force ramp.*® The maximum of this distribu-
tion yields the most probable rupture force f/*. In our
experiments, the tip—surface separation speed was varied
between 0.1 and 5.4 um/s. The rupture force f,
the force-loading rate rr and the parameter x; were
extracted from the obtained data off-line as follows.

The polymeric substrate corresponds to a flexible
spacer,””*® where the length of the spacer is governed
by the distance between the covalent attachment to the
AFM tip, and the attachment of an oligomer sequence
to an enzyme. This distance can differ in each anchoring
event. According to the theoretical analysis by Evans
and Ritchie,* and later Monte Carlo simulations,*
the actual force loading for each unbinding event should
be taken into account. The preferred procedure for
doing so involves determination of the dissociation rate
and the potential width directly based on the experimen-
tal data and by using a probability density function for
the rupture forces and the loading rates. The actual
loading rate was determined for each force jump by
use of the slope AF/At prior to each observed bond dis-
sociation event. This slope was determined from a linear
fit of the observed loading rate prior to the detachment
event, which results in return of the cantilever to its rest
position. In this way, each force jump gives rise to one
observation of bond strength against loading rate, and
for each tip retraction speed a certain distribution of
loading rates felt by the interacting molecules are
obtained. By using different tip retraction speeds, a
continuously increasing distribution of loading rates is
obtained. The points in the continuous distribution of
loading rates were subsequently grouped into defined
intervals of increasing loading rate. The mean loading
rate within each sub-distribution was calculated and
used as a constant when parameters xz and k° were
determined. Additionally, the most likely unbinding
force, f*, was obtained from this modelling. Data from
hundreds of approach-retract cycles were collected, tak-
ing into account the statistical nature of a single interac-
tion event.

3. Results and discussion

3.1. Characterisation of chemically modified coverslips

Different protocols for silanisation of surfaces have been
described in the literature.*' ** The reaction conditions

used, that is, deposition method, duration of reaction,
temperature and solvent conditions, vary considerably.
The reproducibility of each step in the immobilisation
procedure used in this study and the characteristics of
the resulting surfaces were investigated in order to opti-
mise the immobilisation procedure.

AFM topographs of freshly cleaved mica (Fig. 4A)
indicated a mean surface roughness of 0.04 nm. Differ-
ent procedures were tested in order to silanise the sur-
face. Performing the silanisation by exposing the
surface for 2 h to 10% DETA diluted in toluene heated
to 120 °C, was found not to yield reproducible surface
characteristics (Fig. 4B). The surface roughness varied
from 0.15 to 0.37 nm. AFM topographs of the surfaces
showing the highest degree of surface roughness re-
vealed a surface morphology reminiscent of phase sepa-
ration (Fig. 4B). Silanising the surface by exposing it to
a solution of 1% DETA in 1 mM acetic acid for 20 min
at room temperature, before rinsing in MQ-water was
found to give a reproducible surface roughness
(Fig. 4C, surface roughness = 0.17 nm). These experi-
mental conditions were therefore chosen for the surface
silanisation step. The silanised surfaces were exposed to
a solution containing 12.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 6.8. Incubating the surfaces for
2 h were not sufficient in order to obtain a continuous
and homogenous surface coverage (image not shown),
whereas 14 h reaction time for the coupling of the
glutaraldehyde yielded homogenous surfaces (Fig. 4D,
surface roughness =0.19 nm). AlgE enzymes or their
modules were subsequently conjugated to the free alde-
hyde groups accessible on the surface. This was obtained
by exposing the surface to a solution containing 50 ug/
mL AlgE enzyme-preparation in 20 mM MOPS buffer,
pH 6.8 containing 2 mM CaCl,, incubated for 14 h at
room temperature and rinsed in buffer solution. The
AFM topographs obtained on these surfaces (Fig. 4E,
surface roughness = 2.06 nm) or on hydrated surfaces
(Fig. 4F) clearly show the presence of globular struc-
tures, previously reported to be consistent with active
AlgE4.”® The images of AlgE4 conjugated onto mica
were compared to images of BSA conjugated onto mica
using the same procedure. The mean surface roughness
of the surfaces covered with immobilised BSA was
2.55 nm when imaged in liquid, and the surface had
the same topology, characterised by the presence of
globular structures.

The various steps of the immobilisation procedure
for the functionalised mica surfaces were characterised
both by adhesion properties using an uncoated SizNy4
AFM tip, and contact angle (Table 2). The silanisation
yielded a hydrophobic surface characterised by an
adhesion force of 2.4+ 0.7 nN, and a contact angle
of 52°. The surface became even more hydrophobic fol-
lowing the glutaraldehyde conjugation (adhesion force
of 8.0 £ 1.0 nN and contact angle of 64°). The surface
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Figure 4. AFM topographs of surfaces after different surface modifications. (A) freshly cleaved mica. (B) Mica silanised by 2 h exposure to 10%
DETA in toluene, heated to 120 °C. (C) Mica silanised by exposure to 1% DETA in 1 mM acetic acid for 20 min. (D) Glutaraldehyde-functionalised
surface obtained by exposing the silanised surface to a solution containing 12.5% glutaraldehyde for 14 h. (E and F) Conjugation of alginate
epimerase AlgE4 to functionalised mica obtained by exposing the surface to a solution containing AlgE4 for 14 h. The surface reactions giving the
surfaces depicted in image C-F occurred at room temperature. Topograph A-E were obtained using tapping mode in air, topograph F was obtained
using contact mode in liquid. The images correspond to a scan area of 1 pm.

Table 2. Roughness and hydrophobicity of functionalised surfaces

Surface RMS (nm)* Tip-surface adhesion® (nN) Contact angle (0)
Liquid (CM) Air (TM)

Cleaned mica 0.08 0.03 1.3£0.8 35

Silanised mica 0.16 0.09 24+0.7 52

Silanised mica activated with glutaraldehyde 0.74 0.13 8.0+1.0 64

AlgE4 enzymes immobilised on mica 2.48 0.62 0.3+£0.2 95

#The root-mean-square (RMS) surface roughness were calculated with the software provided by Digital Instruments. Frames of 750 nm scan size
with number of pixels = 512 were analysed. CM and TM depict results obtained using contact mode and tapping mode, respectively.
®The measurements were performed in aqueous 20 mM MOPS buffer solution, pH 6.8, using SizN4 AFM tips.

covered with AlgE yielded 0.3 + 0.2 nN using the un-
treated AFM tips, indicating a decrease in the hydro-
phobicity of the surface. Still, these surfaces showed
an increase in the contact angle, indicating a hydro-
phobic surface. Partly denaturation of the enzymes,
occurring in the drying step prior to the dynamic con-
tact angle measurement can be one reason for this
difference.

3.2. Observation of specific epimerase—mannuronan
interactions

Figure SA presents a gallery of force—z-piezo translation
distance curves for mannuronan functionalised AFM
tips interacting with immobilised AIgE6. The data reveal
signatures reflecting both stretching of mannuronan and

forced unbinding between mannuronan and AlgE6 en-
zymes. The unbinding events occurred at tip surface sep-
arations up to about 400 nm. This distance is compatible
with the chain length distribution of the mannuronan
anchored to the AFM tip and that acts as a substrate
for the epimerases.

The force—distance curves used in this force spectro-
scopy study, of which some examples are presented in
Figure SA, were obtained when using experimental con-
ditions giving a high probability for observing single-
molecular pair unbinding events.

This was achieved by adjusting the key parameters
controlling the grafting density of polysaccharide on
the AFM tip until a sufficiently infrequent bonding
was observed. We have previously shown?® that the frac-
tion of successful anchoring events as well as the proba-
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Figure 5. Steps in the analysis of the epimerase alginate substrate interaction. (A) Gallery of force-z-piezo translation distance approach and the
retraction curves obtained as described in Figure 3. Most of the forced unbinding events occurred in the interval 0-300 nm, as shown in the figure, but
unbinding events were observed up to 400 nm above the surface. (B) Distribution of experimentally determined mannuronan—AlgE6 unbinding
forces at increasing force-loading rates. The use of different tip retraction speeds and determination of the loading rate for each force jump, as
described in the text, resulted in a continuously increasing distribution of unbinding forces as a function of increasing loading rate. The data are
collected from 491 force curves collected using six different tip retraction speeds. Based on the determined loading rate, the continuous distribution of
observations was divided into subgroups characterised by a mean loading rate. Histograms based on the observed unbinding forces within each
subgroup were generated (C and D), and xz was determined for each subgroup. The fitted curves, from which the parameters x; and k, are
obtained,?® are overlaid on the distributions presented in C and D. The most probable unbinding force /*, determined from the peak in the histogram,

was plotted versus increasing loading rate (Fig. 6A, D and G, large points).

bility for multiple unbinding events depended both on
the concentrations of EDAC and polysaccharide used
during the functionalisation procedure and the incuba-
tion time. In the present study, an EDAC concentration
of 0.5 mg/mL, and a reaction time for the coupling of
2 h combined with 20 pg/mL polysaccharide was em-
ployed in order to give a low density of polymers at-
tached to the tip. These conditions yield anchoring in
about 25% of the trials. This is somewhat in the upper
range of an ideal situation, ~95% confidence for 1
attachment out of 10 trial touches.” In view of the multi-
ple binding sites represented by the polymer substrate
for anchoring each individual chain to the enzyme, this
was still considered adequate. This judgement was sup-
ported by the observed truncation of the high force tail
of the distributions of unbinding forces when using this
adjusted concentration of EDAC and reaction time.?®
The most probable unbinding forces were, therefore,
determined based on distributions of unbinding forces
obtained using such experimental conditions.

We have previously, by the use of various control
experiments, shown that the observed interactions are
specific alginate—epimerase interactions.”® These control
experiments included observing the absence of binding
events between polyM functionalised tips and BSA on
mica, or xanthan functionalised tips in combination
with epimerase functionalised mica. Moreover, observa-
tions of the distance between mannuronan-AlgE4
unbinding events at various surface densities of AlgE4,

and truncation of successful anchoring events between
mannuronan and AlgE4 depending on the concentra-
tion of mannuronan added as competing ligand, clearly
indicated the specificity of the anchoring and associated
force unbinding events. These specific interactions are
further characterised by being observed at much larger
separations between the AFM tip and surface, typically
100400 nm, than the case for the adhesion mentioned
above (Table 2). Signatures of adhesive interactions ob-
served within 20 nm of the tip—substrate contact point
could, therefore, be due to interactions between the sur-
face of the tip and the functionalised mica surface, and
were therefore ignored in analysis of the specific
interactions.

3.3. The strength of the AlgE—mannuronan complexes

The magnitude of the external force necessary to detach
AlgE enzyme-mannuronan complexes was measured at
different loading rates. Based on the observations, the
parameters ry, xz and k° were determined (Table 3).
The observed forces are within the range determined
for other lectin—carbohydrate unbinding forces. The
force needed to unbind concanavalin A-oligoglucose
complexes is, for example, earlier determined to be
96 + 55 pN at a retraction rate of 0.5 um/s.!' The dif-
ference in strength between these interactions and
the strength reported for the type of covalent bonds
used for the present attachments, determined to
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Table 3. Estimated parameters characterising the energy-landscape of mannuronan—epimerase AlgE4, AlgE6 and their A-module

AlgE4-mannuronan

A-module-mannuronan

AlgE6-mannuronan

(r)* (aN/s)  xg(nm) ko (sT)  fU(PN) ()t (aNfs)  xp(am) ko (sT) U (ON)  ()* (aN/s)  xg(nm) ko (sT) £ (PN)
0.57 0.26 0.37 73 1.1 0.07 0.46 215 0.72 0.18 0.27 108
0.86 0.20 0.67 84 1.6 0.11 0.56 249 1.0 0.20 0.26 107

1.0 0.24 0.38 86 2.4 0.13 0.54 281 1.7 0.19 0.26 121
2.4 0.31 0.25 88 3.5 0.09 0.25 299 2.7 0.14 1.12 128
4.3 0.21 0.59 98 4.9 0.09 1.1 323 6.4 0.14 1.16 151
16.3 0.18 3.1 123 6.7 0.09 1.1 344 19.3 0.11 1.80 195
24.8 0.16 3.7 141 11.8 0.06 0.7 384

44.7 0.13 6.1 135

The observed unbinding forces obtained at various z-piezo retraction rates were divided in intervals of force-loading rates, and the parameters for a

single-barrier unbinding under constant load was obtained as described.?®

?Denotes the average force-loading rate observed in the interval.

2.0nN + 0.3 nN at loading rate of 10 nN/s,* is more
than one order of magnitude.

3.3.1. AlgE4-mannuronan interactions. The most prob-
able unbinding force, f*, as well as the distance x; was
found to increase from 73 pN at a mean loading rate
of 0.6 nN/s to 135 pN at a loading rate of 44.7 nN/s.
The dynamic force spectrum (Fig. 6A) shows an increase
in slope from one thermal force scale governing the
strength of the interaction for loading rates up to
20 nN/s, to the next. This behaviour indicates that
an outer activation barrier, located at a distance
Xxp=0.26 nm from the bound complex, is suppressed
at high loading rates, and that an inner barrier becomes
the dominant kinetic impedance to detachment. Five
different intervals of r;, situated from 0.6 to 4.3 nN
s~!, located the barrier at xz = 0.24 & 0.04 nm. Larger
values of r; indicated a transition into a domain deter-
mined by an inner barrier. The fits of the theoretical
expression (Eq. 1) to the observed data at increasing
mean unbinding force (Fig. 6B and C) was also consis-
tent with a cascade of two energy barriers. The observed
parameter values of xz is about one third of the size of a
hexopyranose residue. These are also within the range
reported for other biomolecular interactions, for exam-
ple, x5~ 0.12nm, xg~ 0.3nm and xg~ 3 nm for the
high, intermediate and low strength regime in the case
of avidin-biotin.’

3.3.2. AlgE6-mannuronan interactions. The strength of
the AlgE6-mannuronan interaction was 108 pN at a
mean loading rate of 0.72nN/s. This increased to
195pN at a mean loading rate of 19.3nN/s. The
strength of this complex is thus higher than that was
determined for the AlgE4-mannuronan complex. The
distance x; indicated the existence of energy barriers,
located at x5 =0.19 and 0.11 nm from the bound com-
plex. The data observed at intermediate force-loading
rates may reflect a third barrier located at xz = 0.14 nm,
or alternatively a not well resolved transition from the
inner to the outer barrier. The slope in the dynamic

force spectrum (Fig. 7) is consistent with the values of
X determined for the outer and inner barrier, but does
not provide additional information allowing to conclude
about the intermediate region.

3.3.3. AlgE4-A-module-mannuronan interactions. The
unbinding force was for this complex larger than that
for the AlgE4- and AlgE6-mannuronan complexes,
and increased from 215 pN at a mean loading rate of
1.1nN/s (Fig. 6H) to 385pN at r=11.8nN/s
(Fig. 6I). The strength of this complex was also more
dependent on the loading rate than the AlgE-mannuro-
nan complexes. The data in the dynamic force spectrum
(Fig. 6G) were consistent with a single energy barrier
located at xg=0.10 nm. The distance x; indicated an
average distance xg equal to 0.1 £0.02nm over the
whole interval of loading rates.

3.3.4. R-module-mannuronan interactions. Force
curves obtained when mannuronan-labelled tips were re-
tracted from a layer of R-modules immobilised on mica
did not contain signatures reflecting polymer anchoring.
This finding is consistent with the hypothesis that the A-
module contains the alginate binding site.>> The reduced
binding strength of the AlgE4-mannuronan interaction
compared to the A-module-mannuronan interaction
suggests a function of the R-module related to regula-
tion of the enzyme—substrate binding strength.

The data indicate that when no strong forces are act-
ing on the enzyme-substrate complex, corresponding to
the situation when the molecules are interacting in solu-
tion, the dominant kinetic impedance to detachment is
located at xg=0.09 nm for the A-module, increasing
to xz = 0.19 nm for AlgE6 and 0.26 nm for AlgE4. Dif-
ferent hypothesis exists regarding the function of the R-
module. It has been proposed to be a source of Ca>" for
the catalytic part (the A-module), or to stimulate bind-
ing of the epimerase to the substrate.'” The present data
suggest that the distance separating the active site-sub-
strate from the activation barrier to be crossed, as well
as the strength of the bond keeping the enzyme-sub-
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Figure 6. Distribution of experimentally determined mannuronan—epimerase AlgE4 (A-C), mannuronan—epimerase AlgE6 (D-F), and mannuro-
nan—epimerase AlgE4 4-module (G-I) unbinding forces at increasing force-loading rates and most probable unbinding force versus load with
increasing loading rate. The data are collected from 2640 force curves obtained using five different tip retraction speeds in the interval 0.2-4 pm/s (A,
D and G, small points). Histograms based on the observed unbinding forces within each subgroup of unbinding events were generated (AlgE4: B,C;
AIgE6: E,F; A-module: H,I), and parameter x4 determined. Dynamic force spectra were obtained by plotting the most probable unbinding force /™,
determined from the peak in the histogram, versus log, (loading rate) (A, D and G, large points).

strate complex together, are modulated by the presence
of the R-module.

3.4. The life-time of the AlgE—mannuronan interactions

The value of k° obtained when extrapolating the most
probable unbinding force to zero force, /* =0, giving
K° = rexplkgT, ® (Fig. 7) reflect the off-rate of the pro-
teins at zero force-loading rate. This value is equal to

the thermal off-rate in solution,*® referred to as k.

Applying this procedure, we determined the value of ko
to be 0.37 s ! for AlgE4, 0.23 s~ ! for AIgE6 and 0.85 s~
for the A-module. The values of k° were obtained as pre-
viously described;?® 0.37s7!, 0.27s7! and 0.56 s~ for
the AlgE4, AlgE6 and A-module-mannuronan interac-
tions, respectively, are in the same range as the values
obtained for kg (Table 2). An estimate for the cata-
lytic constant, k., the maximum number of substrate
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Figure 7. Dynamic strength spectra for AlgE4-mannuronan (open
circles), AlgE6-mannuronan (closed circles) and A-module-mannuro-
nan interactions (closed triangles). Defined as thermal energy kg7/
distance xp, the slope of the linear regimes seen in the dynamic spectra
(discontinuous lines) map activation barriers at positions along the
direction of force.

molecules converted to product per active site per unit
time, has been reported for AlgE4, and the value
reported or 14 s~! in aqueous solution at 37 °C.*? Such
information about k., is not yet available for AlgE6 or
the A-module. For AlgE4 this yields a mean enzyme—
mannuronan residence time of about 0.07 s per epimer-
ised uronide. Comparison of kg, with k° and k. suggest
that the average duration of the polymer—enzyme inter-
action is much in excess of the average duration of single
epimerisation. The latter is calculated to 0.2s for
AlgE4-mannuronan, as estimated from the experimen-
tal value k., = 14s~! and corrected for the difference
in temperature. This supports several single ManpA epi-
merisations per unbinding event indicative of a proces-
sive mode of action of AlgE4 acting on mannuronan.
An additional indication for a processive mode of action
of AlgE4 is implicit in the observation of unbinding
events between mannuronan and AlgE4, AlgE6 or their
A-module occurring up to a polymer segment length of
about 400 nm at the slowest retraction rate. These
unbinding events point towards a polymer—enzyme
residence time two orders of magnitude longer than
the time needed for AIgE4 to epimerise a single residue.

Similar force-unbinding studies were carried out using
the hybrid epimerase PKA1 composed of subunits from
AlgE4 and AlgE2.?" This enzyme yields a random
sequence in the product most likely due to a random
attack mechanism and dissociation between the chain
and PKAI1 following each epimerisation. The finding
that the PKAl-mannuronan unbinding events only
occurred up to a substrate-mannuronan tip separation
less than 50nm (retraction speed v. < 0.4 um/s)
suggests a much higher dissociation rate of mannuro-
nan-PKA1 complexes compared to mannuronan—-AlgE

complexes. The data from the AFM experiments show
a clear distinction between the two enzymes, AlgE4
and PKA1, most probably arising from their different
mode of action.

3.5. Observations of AlgE4—polyMG alginate interactions

Force-z-piezo translation distance curves collected for
polyalternating (polyMG) alginate functionalised
AFM tips interacting with AlgE4 immobilised on mica
showed signatures indicating multiple unbinding events
and unbinding forces in the range 0.1-3 nN (Fig. 8A,
upper curves). Reduction of the tip graft density of
polyMG alginate by reducing the incubation time from
2h to 30 min for the coupling reaction resulted in a
decreased probability for anchoring events, but did not
increase the probability for single unbinding events
significantly. The use of mica surfaces incubated in a
mixture of BSA and AlgE4 resulted in a greatly
increased probability of single unbinding events
(Fig. 8A, lower curves) compared to that was observed
when using surfaces coated with AlgE4. The strength
of the AlgE4-polyalternating alginate interactions was
in the same range as observed for the AlgE4-mannuro-
nan interaction (Fig. 8B). The polymer chain stiffness of
alginate blocks increases in the order MG < MM <
GG.*" The larger chain flexibility of polyMG alginate
compared to mannuronan may thus explain the ob-
served differences in behaviour between the two poly-
mers in this interaction study. The higher flexibility of
polyMG alginate might give rise to an increased ability,
compared to mannuronan, to bind to several immobi-
lised enzymes. Thus, it is necessary to increase the dis-
tance between the active enzymes when using a
polyMG alginate labelled AFM-tip in order to observe
single unbinding events.

Polyalternating alginate is the end product when
AlgE4 is working on mannuronan. The observed long
stability of the AlgE4 polyalternating alginate complex,
indicates that the enzyme can bind polyalternating algi-
nate. In a previous study of time progress curves for
AlgE4 working on mannuronan, a scenario where the
product (polyalternating alginate) functions as a com-
petitive inhibitor, was proposed as a mechanism that
could explain the observations.*® Interestingly, such an
ability of the enzyme to bind polyalternating alginate
is a necessary prerequisite for processivity.

3.6. The lifetime of the interaction between AlgE4 and
naturally occurring alginate

Figure 8C presents some characteristic force z-piezo
translation distance curves obtained when AFM tips
labelled with alginate extracted from an algae (incubation
time: 2 h) were retracted from mica covered with AlgE4.
A high number of unbinding events were observed with-
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Figure 8. (A) Gallery of force—z-piezo translation distance curves obtained for polyMG alginate functionalised AFM tips (incubation time: 2 h)
interacting with AlgE4 immobilised on a solid support. Nearly all trials resulted in multiple unbinding events and unbinding forces in the range 0.1—
3.0 nN (five upper curves). Diluting the AlgE4 preparation with BSA (1:9) prior to the conjugation step resulted in a greatly increased probability of
single unbinding events and disappearance of forces above 1 nN (four lower curves). (B) Distribution of polyMG—AlgE4 unbinding forces using the

experimental conditions explained for the four lower curves and a loading rate equal to 4 nN/s. (C

) Gallery of force—z-piezo translation distance

curves obtained when retracting tips labelled with commercial alginate (incubation time: 2 h) from mica covered with AlgE4. A high number of
unbinding events were observed to occur 0-30 nm above the mica surface, whereas no unbinding events were observed in a distance above the surface

greater than 80 nm (lower curve).

in the interval 0-30 nm above the mica surface. In this
region of the curve signatures reflecting hydrophobic-
or other non-specific interactions between the tip and
the surface will appear, if present. This makes it difficult
to distinguish between unbinding events and unspecific
interactions. Such hydrophobic interactions were weak
if present at all in curves obtained when using mannuro-
nan- or polyMG alginate labelled AFM-tips. This fact,
together with the saw-tooth like shape of the retraction
curve, points towards the interpretation that the ob-
served interactions reflect forced unbinding of AlgE4—
alginate complexes rather than unspecific hydrophobic
interactions. The increased probability for the unbind-
ing events to occur close to the mica surface indicates
a higher probability for short-lived interactions, dissoci-
ating within the time interval needed to rise the tip high
above the surface. No unbinding events were observed
in a distance above the surface greater than 80 nm. With
the tip retraction speed used, this distance corresponds
to an AlgE4-alginate complex lifetime of 0.2s. The
short lifetime of this interaction compared to the lifetime
observed for AlgE4-mannuronan or AlgE4-polyalter-
nating alginate interactions can be due to the chemical
composition of the alginate used. A processive nature

of AlgE4 combined with an inability or decreased
ability of this one to bind G-blocks might result in
dissociation of the enzyme-substrate complex upon
entrance of a G block into the enzyme active site.

3.7. Cation dependence of epimerase—alginate interactions

All the AIgE epimerases are dependent on Ca’" for
activity, but earlier studies have shown that Sr** is able
to substitute for Ca®* although the efficiency of the en-
zyme is decreased to about 30%.%? In the same study, it
was concluded that Mg2+, Mn>", Ba®>" and Zn>" did not
have any stimulatory effect on the epimerisation reaction
in the absence of Ca®". At optimal Ca*" concentration,
all ions tested (except Mg>") were inhibitory. In an
attempt to study this further, the complex formation
between AlgE4 and mannuronan was studied in the
presence of the divalente cations Ca”*", Sr**, Mg?",
Ba?" and Zn®". All the ions were added to a concentra-
tion equal to 1.5 mM, using chloride as anion. From the
force curves, it could be concluded that binding
occurred in all cases and no apparent difference in bind-
ing frequency was observed among the different ions.
The interaction was also determined in absence of ions
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(MOPS pH 6.8). In this case the force curves did not
contain any signatures reflecting unbinding events, indi-
cating that the probability of forming mannuronan—
AlgE4 complexes is greatly reduced in ion-free buffer
solution. When reintroducing monovalent cations
(Na™, 1.5 mM), force jumps were immediately observed.
Based on these observations we conclude that complex
formation between mannuronan and AlgE4 is depen-
dent on cations, but both monovalent and divalent ions
make complex formation possible. The first step in the
proposed mechanism for alginate epimerases is neutral-
isation of the negatively charged mannuronic acid resi-
due.* The observations indicate that any cation
among the ones studied make this binding step possible.
This is in contrast to the second step in the proposed
mechanism, that is, the epimerisation reaction. In earlier
studies on the activity of AlgE4 in the presence of differ-
ent cations, it was concluded that the epimerisation pro-

cess necessitates the presence of either Ca®* or Sr**.%?

4. Conclusions

Dynamic force spectroscopy was used to measure the
unbinding forces between a polysaccharide and a non-
degrading enzyme. The experimental procedure used
involves immobilisation of the interacting molecules.
AFM imaging and force curves, as well as dynamic con-
tact angle measurements proved to be useful tools,
revealing the effect and reproducibility of different sur-
face treatment procedures. Analysis of the force profiles
gave insight into the process of enzyme binding and
unbinding, as well as the mode of action of the enzyme.
The results show that for AlgE4 and AlgE6, the position
of the activation barrier and the strength of the epimer-
ase—substrate interaction at low detachment force are
influenced by the presence of the R-module component.
This indicates a possible function of the R-module
related to regulation of the interaction strength. The
observed ability of AlgE4 to bind polyMG alginate is
consistent with a mechanism of product inhibition.
In addition, the observed cation dependence of the
enzyme—substrate binding process illustrates a potential
of AFM force spectroscopy to offer new insight into bio-
chemical processes. The evidence of a processive mode
of action of AlgE4, based on the ratio between off-rates
at zero force and rate for epimerisation of B-pD-ManpA
residues, indicates that enzymes with a processive mode
of action also exist for non-degrading polysaccharide
modifying enzymes.
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