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Six methyl celluloses (MCs), one with a degree of substitution (DS) of 1.32 and five with DS between 1.83 and
1.88, were thoroughly investigated. Monomer composition and methyl distribution in the polymer chain were
analyzed after total or partial random hydrolysis and appropriate derivatization with gas chromatography (GC)
and mass spectrometry (MS), respectively, and used as reference data. The same MCs were then hydrolyzed with
an enzyme preparation dfichoderma longibrachiaturand further investigated with size-exclusion chromatography

with multiangle light scattering and refractive index detection (SEC-MALS/RI) and MS. Electrospray ionization
(ESI) and matrix-assisted laser desorption/ionization (MALDI) in combination with various MS analyzers were
compared with respect to quantification of the degradation products directly and after perdeuteriomethylation.
The methyl group distribution in the oligomeric fractions and the average DS as a function of chain length were
calculated from ESI mass spectra. With help of the reference analysis, patterns could be corrected for the unspecific
contribution of end groups. By labeling and ESI tandem MS, our knowledge about the tolerance of the enzymes’
sub-sites with respect to the number of methyl groups could be improved.

Introduction laser desorption/ionization (MALDI), or electrospray ionization
(ESI) mass spectrometfy’. The experimental results are com-

Cellulose is the most abundant renewable polysaccharidepared with the calculated random distribution of glucosy! units.
resource; approximately 8-10'?tons are synthesized annually  This approach has been used as well for hydroxyalkylmethy!
by photosynthesis. Substitution of the hydroxyl groups changes ethers’:10 silyl etherst cellulose sulfate$! and acetate®
the physicochemical properties such as water-solubility, reten-  py|s and Saaké !5 used enzymes as selective tools for
tion, and thickening ablllty There are several different cellulose p0|ymer chain C|eavage followed by size-exclusion Chromatog_
derivatives available, like methyl cellulose (MC), hydroxypro-  raphy with multi-angle light scattering and refractive index
pyl- or hydroxyethylmethyl cellulose (HPMC or HEMC), and  detection (SEC-MALS/RI) and high performance anion ex-
carboxymethyl cellulose (CMC), which are widely used as change chromatography with pulsed amperometric detection
thickeners in the building industry or for controlled drug release (HPAEC-PAD) for analysis of the hydrolyzed cellulose deriva-
in the pharmaceutical industry. tives. This approach is limited by the enzymatic degradability

The properties of cellulose derivatives depend on the degreeof the sample. Therefore, only a set of samples with the same
of substitution (DS), molar mass distribution, type of the DS could be compared. Very recently, progress in this field by
substituent, and its location in the glycosyl unit and along and |abeling of the enzymatically degraded samples and tandem MS
over the cellulose chain, i.e., whether the substituents areexperiments has been reporfed:}” Another drawback is the
randomly or more heterogeneously distributed. For derivatives jncomplete knowledge of the enzymes’ tolerance with respect
with chemically stable, nonionic substituents, methods for the to the substitution patterns of the glucosy! units involved in the
analysis of the substituent distribution on the monomer level active Comp|ex and no know|edge about the proportion of the
are well establishetl. After appropriate sample preparation, original sample detected as cleavage products by MS. Until now,
various techniques such as nuclear magnetic resonance speGnalysis of the enzymatically degraded cellulose derivative has
troscopy (NMR), gasliquid chromatography (GLC), capillary  peen performed by mass spectrometry without eliminating the
electrophoresis (CE), and mass spectrometry fVSjan be  giscrimination effects that occur when various ratios of free and
applied. Analysis of the substitution pattern along the cellulose methylated hydroxyl groups are present.
chain is more difficult. Quantitative analysis of oligosaccharide  There are mainly two types of enzymes that can degrade
mixtures has been achieved after perdeuteriomethylation andgeljulose. Exoglucanases hydrolyze cellulose either from the
random acidic hydrolysis of methyl celluloses or starches by reducing or from the nonreducing end of the cellulose polymer,
mass spectrometry in combination with soft ionization tech- gepending on their selectivity, and endoglucanases cleave
niques such as fast atom bombardment (FAB), matrix-assistedg|ycosidic linkages in the inner part of the cellulose chain.

Exoglucanases degrade derivatized cellulose until the enzyme

391 gggislpzo”qrfgaggqoggi'r;ggb p-mischnick@tu-bs.de. Tek9-531- encounters a substituent in the polymer chain that hinders its
¥ Inatittt fir Lobonemitielchomie. access. The typical hydrolysis product from exoglucanase attack
*Lund University. is cellobio_se, which in turn could be hydrolyzed to glucose by
8 AstraZeneca R&D Mimndal. af-glucosidase. In contrast, the product pattern from endoglu-
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canase digestion is more complex. Recent studies indicate thato-distillation with toluene (five times). The residue was redissolved

endoglucanases can perform hydrolysis even if substituents arén methanol (MeOH) to a concentration of approximately 0.5 mg L

present in the part of the polysaccharide chain that binds to theand submitted to ESI-MS.

active site of the enzym®:181° The degree of enzymatic Enzymatic Hydrolysis of Methyl Celluloses. Approximately

hydrolysis is influenced by the interplay of the selectivity of 30 mg of each MC was dissolved in 3 mL ot® at 4°C overnight.

the enzyme and the location of substituents in the cellulosic The enzyme was dissolved in water to a concentration of approximately

substrate. 30 U mL* at r.t. It was necessary to purify the enzyme before the
Here we report on a new approach, which yields representa-adqition due to contamin_ations_ from sugars and buffer components.

tive quantitative data for enzymatically hydrolyzed MC, thus This was done by centrifugation of the enzyme thioug 5 kDa

allowing comparison of samples with different DS. The enzyme Millipore Ultrafree centrifuge filtration tube (Millipore, Bedford, USA).

used for the hydrolysis was a commercially available preparation When the centrifuge filters were half dry, water was added and the
from Trichoderma longibrachiatungTr. longi). Influence of samples were centrifuged again. This procedure was repeated until no

erdeuteriomethvlation and instrumental setup was investigated traces of sugars or buffer components were seen in the filtrates when
P Y P 9 ‘analyzing the solution with ESI-ITMS. Finally, the supernatant in the

'lI)'hfus, all denitymatlcglly hy.drOIyﬁe(lj _sampl_ehs WeIrEeSIa_naIyzed filters was dissolved in water to a final volume of approximately 400
efore and after perdeuteriomethylation with an -lon trap uL, stirred gently, and added evenly to the six MC solutions at r.t. All

,(ESHT) instrument, an ES.I-tripIe s'tage quadrupole (ESI-QqQ) enzymatic batches were shaken at r.t. for 96 h, and then they were
instrument, and a MALDI time-of-flight (MALDI-TOF) instru-  iied at 95°C for 15 min and centrifuged. Thereafter, the solution

ment. In the work presented here, deviation for the various MS a5 freeze-dried overnight in Eppendorf vials.

telchnlques is discussed. For compgrlson, all MCS, Were a_nalyzed Perdeuteriomethylation of Enzymatically Hydrolyzed Samples.
with respect to monomer composition and distribution in the 4 methylations were performed according to Ciucanu and Kériek
polymer chain by the established method mentioned above., 1 1 v—vial. The hydrolyzed sample (4 mg) was solved in 380
Furthermore, to get insight into the enzymes’ tolerance with of pMSO and stirred fo2 h atr.t. Then 20 mg of pulverized NaOH
respect to the location of methyl groups in MC, ESI-Méas was added to form the poly-anions of the oligomeric mixture. After
applied. The number of substituents in the released di- and 30 min, 40uL of Mel-d; was added and the solution was stirred for 6
trisaccharides was quantified separately for the reducing andh at r.t. To achieve quantitative methylation, addition of reagents was
the nonreducing end glucosyl units and the internal glucosyl repeated, and the solution was stirred overnight. Samples were cleaned
residue, respectively. by extraction with dichloromethane three times. The combined organic
layers were washed with saturated NaCl solution, 5%8)@ solution,

and water, and subsequently dried over,$@,. The solvent was
evaporated, and the residue was redissolved in MeOH.

Analysis of Enzymes’ Selectivity. The enzymatically degraded

Experimental Section

General. All reagents used were of highest purity available and ) -
purchased from Fluka, Aldrich, or Merck. The endoglucananase S2MPle (4 mg) was centrifuged thrdug 5 kDa Millipore Ultrafree

Trichoderma_ longibrachiatum(approximately 500 U mtl) was centrifuge filtration tube (Millipore, Bedford, MA). The solvent of the

purchased from Megazyme International Ireland Ltd., Wicklow, Ireland. obtained filtrate was evaporated in a stream of nitrogen. The residue

MC 1—MC 6 were commercial products. Mel-was purchased from  Was reduced with a solution of 0.5 mL of 0.05 M NaBi 2 M NHs
Deutero GmbH, Kastellaun, Germany. for 2 h at 60°C. The sample cleanup and the acetylation and the

MonomerAnalysis. For acid hydrolysis MCs (ca. 2 mg) were heated perdeuteriomgthylation of the enzymatically hyqlrolyzed sample were
in a 1 mL V—Vial with 1 mL of 2 M trifluoroacetic (TFA) acid for performed using the same pr(_)cedure as _descnbed above. The deute-
120 min at 120C. After cooling to room temperature (r.t.), the solvent riomethylated samples were directly submitted to ESI-ITMS. For ESI-

was evaporated in a stream of nitrogen. Residual acid was removed by;vIS/MS’ L(leIO4 WZ_S addEdd(th thezzftmple solution, and Li adducts
co-distillation with toluene. ragmented according to Adden et"al.

The hydrolyzed sample was reduced with a solution of 0.5 mL of Instrumentation. Gas chromatographic analysis with flame ioniza-
0.25 M NaBD; in 2 M NH; at 60°C for 120 min. After cooling to r.t., tion detection (GC-FID) was carried out with a Carlo Erba GC 6000
the solution was coevaporated at %D with 15% methanolic acetic ~ Vega Series 2 instrument with a CPSil 8 column (25 m), a retention
acid in a stream of nitrogen to remove borate as its methyl ester. ~ 9apP (1.5m), and blas carrier gas. Injection was carried out on-column.

After reduction, the residue was dissolved in:B0of pyridine, and The temperature program starts at 80 for 1 min, heats with
200pL of acetic anhydride was added to acetylate the sample €690 20 °C min™* to 130°C, and subsequently with 4C min~* to 290°C,
for 3 h. Saturated NaHColution was added to the mixture and stirred ~ keeping isothermic for 30 min, giving a total run length of 57.5 min.
until CO-formation ceased. Then the products were extracted four times Data were recorded with a Merck Hitachi D 2500 Chromato-Integrator.
with dichloromethane. The combined organic layers were first washed For peak identification, mass spectra were recorded with GC-MS
two times with saturated NaHG@&olution, once with cold 0.1 M HCI, performed with an Agilent 6890 GC equipment and a JEOL GCmate

once with water, and then dried over Ca@lfter filtration, the solvent Il benchtop double-focusing magnetic sector mass spectrometer. The

was removed at a rotary evaporator. A solution of the residue in 4 mL gas chromatograph was equipped with a HP-5 column (30 m). A split

of CH,Cl, was used for GLC/FID and GLC/MS analysis. injection port at 250C was used for sample introduction, and the split
Oligomer Analysis. All samples were alkylated with Meds ratio was set at 5:1. Helium carrier gas was set to 1.5 mL fflow

according to Ciucanu and Ker@with NaOH/Melds, or according to rate (constant flow mode). The transfer line was kept at Z50The

a modified Hakomori procedufewith Li-dimsyl/Mel-ds in dimethyl mass spectrometer was operating in electron impact ionization (EI)

sulfoxide (DMSO). Sample cleanup was performed through dialysis mode at 70 eV with an ion source temperature of T80 Low-

of the reaction solution using a dialysis tube with a molecular weight resolution mass spectra were acquired at a resolving power of 650 (20%
cut off (MWCO) of 12-14 kDa against water for several days. height definition) and scanning from/z 39 to vz 650 at 1.0 s/scan
Completeness of the reaction was controlled by means of attenuatedwith a 0.2 s inter-scan delay.

total reflectance infrared (ATRIR) spectroscopy, and yields are An Esquire LC equipment (Bruker Daltonics, Bremen, Germany)
between 95 and 100%. The perdeuteriomethylated MCs (3 mg) werewas used for acquiring ESI-IT mass spectra. The mass spectra were
partially hydrolyzed m a 1 mL V—Vial with 1 mL of 2 M of recorded in positive mode. The partially degraded samples were

trifluoroacetic acid for 15 min at 120C. After cooling to r.t., the solvent introduced directly via a syringe at a flow of 120 h~*. For analyzing

was evaporated in a stream of nitrogen. Residual acid was removed bythe lithium adducts, samples were dissolved in 1 mM LigJiOMeOH. CDV
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All mass spectra used for quantitative analysis consist of an average 4 Me
of 200 scans. Nitrogen is used as drying gas (4 LhiB00°C) and a)

as nebulizer gas (10 psi). Two different voltage settings were used,

one optimized omyz 900 and one om/z 1500: Fomvz900: capillary

4500 V, end plate offset-500 V, capillary exit 120.0 V, skim 1

40.0 V, skim 2 10.0 V and trap drive 55.0. Fovz 1500: capillary

4500 V, end plate offset500 V, capillary exit 101.3 V, skim177.4 V,

skim 2 6.0 V and trap drive 77.8. The amplitude of the resonance

frequency, which excites the ions for fragmentation in the ion trap was

optimized for every ion and was between 0.85 and 0.95 V. The isolation

width for MS" experiments was irv/z-unit. DP 3

ESI-QqQ mass spectra were recorded using a Thermo Finnigan TSQ
7000 (Thermo Electron Corporation, San Jose, CA) in positive mode.
The sample was injected through direct infusion into the ESI interface
with a flow-rate of 10QuL min~. Sheath gas pressure of nitrogen was
set at 40 psi, capillary temperature was set to 250and the spray of b)
the needle was set to 5.0 kV. Peaks witfz between 200 and 2000
were collected for 2 min. The deuteriomethylated samples were
measured in a concentration of approximatelg L~* in MeOH and
the nondeuteriomethylated in water of approximatélg L. For
guantitative analysis, data were acquired for 2 min and averaged to DP 6
obtain one mass spectrum. DP 7

For obtaining MALDI-TOF mass spectra, a PerSeptive Voyager- ) PbP8 DPO
DE STR from Applied Biosystems (Framingham, MA) with alMaser 250 500 750 1000 1250 1500 1750 m/z
337 nm was used. The mass spectra were acquired in positive mOdq:igure 1. 1. ESI-IT mass spectra of MC 1 after enzymatic degrada-
with a reflector and delayed extraction activated. DHB was used as tion by Trichoderma longibrachiatum. Before (a) and after (b) per-
the matrix for all samples with a concentration of 10 ¢.LPreparation deuteriomethylation. DP 4 is shown in detail.
of the nonmethylated samples was carried out by mixing an analyte
solution (~3 g L™1) with a matrix solution in water at a ratio of 1:9 is increased by methyl and even more by hydroxyalkyl grdﬂps.
(Viv). A certain volume, IuL of each mixture, was dropped on the  To measure the extent of discrimination in ESI-ITMS, ESI-
target spot, and the spots were dried in the vacuum chathiére QqQMS, and MALDI-TOF-MS, methyl derivatives were
deuteriomethylated samples were prepared using a higher concentrationsg|ected, since they can easily be transformed to isotopically
of the analyte £10 g L™) in MeOH. The matrix was dissolved i |apeled chemically uniform oligomers, giving equal response
ethanol (EtOH) at the same ratio as used for the nonmethylated samplesin MS. In Figure 1, ESI-IT mass spectra of a partially methylated
Here, 0.5l O.f each mixture was dropped on the target spot, anq the and a perdeuteriomethylated sample are shown in comparison.
zﬁgz \?;g:? 2222 ? ?tn\:\?;‘;hz{/'grgre;;l:gebggg%ir:'ﬁg\gi znzlztsrfr’nzool'he m/z range is narrower within each DP for the perdeuteri-

P 9 P " omethylated sample compared to the partially methylated one.
In addition to the chemical uniformity and therefore polarity,

Results and Discussion making the analyte monodisperse (only one isotopic distribution
remains) additionally contributes to comparable ion yields.

Six methyl celluloses were treated with an enzyme as selective  In Figure 2, results are shown for enzymatically hydrolyzed
tool and subsequently analyzed with soft ionization/mass MC 1 (DS 1.32, Tr. longi DS values were calculated and
spectrometry. In contrast to previous enzymatic work, appropri- plotted against DP 28 (Figure 2a). Unfortunately the data
ate sample preparation allowed quantitative evaluation of the obtained for DP 7 and 8 of the perdeuteriomethylated sample
MS datal®2® For comparison, random degradation of the by ESI-QqQ could not be evaluated due to very low signal
perdeuteriomethylated MC and monomer analysis have beenintensities. Methyl distributions for DP 5 are shown for the three
performed as wef® instruments applied (Figure 2b). Results are in good agreement

Since the ratio of free and modified hydroxyl groups for the perdeuteriomethylated sample for all MS techniques, as
influences the ion yields of oligosaccharides, these discrimina- has been reported for FAB-MS, ESI-MS, and MALDI-TOFS
tion effects are investigated with respect to different techniques after random acidic cleavage. DS values for the nondeuteriom-
of mass spectrometry. Results obtained with ESI-IT, ESI-QQQ, ethylated oligomers varied with the strongest deviation for ESI-
and MALDI-TOF are compared. IT, followed by ESI-QqQ, and nearly none for MALDI-TOF.

Analysis of the Discrimination Effects Depending on the A shift of relative intensities to the higher methylated oligosac-
MS Instrumentation. When analyzing cellulose derivatives by  charides for the nondeuteriomethylated samples is observed to
mass spectrometry after any partial degradation, quantitative dataa different extent for each technique. Obviously the polarity of
are not acquired unless the sample is modified prior to analysis. the oligomers has a big influence in electrospray ionization. To
Without proper modification, relative information is only see whether the voltage settings influence the extent of
obtained for a set of samples with the same DS. However, asdiscrimination in ESI-IT, two different voltage settings were
mentioned above, no absolute data for an individual sample canused in the analysis of the sample before and after perdeuteri-
be obtained. These discrimination effects are especially impor- omethylation. For optimization, the smart parameter settings
tant, when oligomers are analyzed after enzymatic degradation.(SPS) from the instrument’s software were used, which does
Misinterpretation of the enzymes’ activity and the extent of not only change the voltages of the skimmers, but the trap drive
hydrolysis due to overestimation of signals in the mass spectraas well. The first setting optimized for an area around 900
can occur. and the second one for an area arounz 1500. Spectra

Beside others, the discrimination effects in mass spectrometry obtained under both conditions show the same relative signal
depend on the ability to form adducts with cations. This ability intensities for a certain DP, indicating that there is no influeggv

DP 2 DP 10

DP 2 DP 3
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a)  with perd without p 1, the results are listed, wherg denotes the normalized
m ESHIT OESHT percentage of each substitution pattenq the partial DS values
Sl A ESI-QqQ AES-QgQ in the positions 2, 3, and 6; arglthe percentage of the total
1'2 ® MALDI-TOF © MALDI-TOF amount of substituents in the glycosyl unit,(c;, Cp, C3).
] Included as well is a comparison with the statistical models of
il Spurlirt® and Reuber’ These models are known for estimating
i the heterogeneity of the substituent distribution. Reuben states
e that the probability of a substitution in position 3 of the glycosyl
04 unit is enhanced if position 2 is already derivatized, in contrast
0.2 to Spurlin, whose basic model does not consider any influence
0.0 of substitution on still unsubstituted OH groups during the
DR2 || [||DP3:ii:pea) (||| DPs| | ||zDRs: ||| DRz | || DPS reaction. For the MCs studied, the model of Reuben better fits
b L the experimental data. The heterogeneity paramek¢sere
b) generally low, for MC +MC 3 around 3 and for MC 4MC
i DU 6 around 1. However, it must be considered thatHhealues,
T e A TR i defined as the root of the sums of the squared deviations of
25 aEsiaqQ e each substitution pattern, are only averaged deviations. The data
= =0 £ESHQqQ are listed in more detail in Table 1. The compositions of MC 2
s 15 AESHT and MC 3 on one hand, and that of MC-MIC 6 on the other

10 hand, are very similar. Between these two sets of MCs with

nearly the same DS, the main difference is an enhanced 2,6-
di-O-substitution for the latter, compensated by a decrease in
3,3,6-diO-methylation and most pronounced 2,3,6rime-
thylation. The slightly higher preference forQ-methylation

of MC 4—MC 6 is also obvious from the partial DS valugs
given in Table 1, because is increasing at the expenseaf
compared to MC 2 and MC 3. However, as mentioned above,
these differences are rather small.

For all samples, data for the substituent distribution along
the chain were obtained after perdeuteriomethylation, subsequent
partial hydrolysis, and analysis with ESI-ITMS. The results were
compared with two calculated models. In the first oiy)(
the interaction between glycosy! units during derivatization is
not accounted for. Thus, the monomer units all react with the
same probability independent of each other. The deviation
between this model and the experimental data was defined as

instruments. The maximum of the methyl distribution matches i: | denotes the DP of the oligomer, and was used as a measure
the deuteriomethylated sample. During MALDI-TOF analysis, for the heterogeneity in the sample. The DS values calculatgd
occasionally different DS values were obtained, creating not for €ach DP from the mass spectra and the heterogeneity
entirely reproducible data. The reproducibility might be influ- ParametersH; are listed in Table 2, indicating the averaged
enced by sample preparation, solvents and the ni#kin deviation of the determined pattern from the calculated random

contrast, very good reproducibility was obtained for the deu- distribution of substituentsM). H; values are small for MC 2
teriomethylated samples. and MC 3 i, = ~2.7;Hz = ~4.3), and rather high for MC 1
The results indicate that in MALDI-TOF, the polarity of ~and MC4-MC 6 (Hz = ~6—9;Hs = ~9—12). The distribution
constituents is of less influence compared to electrospray for higher DPs of each sample supports the same trend (not
ionization and/or that mass analysis by time-of-flight does not Shown). MCs with the same DS around 1.8 again form two
discriminate ion transfer with respect to theitz value. MALDI- groups: One is represented by MC 2 and MC 3 and the other
TOFMS has been found to be superior to ESI-IT with respect ©n€ by MC 4-MC 6. In contrast to the results of monomer
to quantitative evaluation in the analysis of hydroxyalkyl methyl analysis (Table 1), MC 2 and MC 3 deviate significantly less
celluloses’® However, MALDI-TOFMS suffers from the  from the calculated random distribution than ME®@ (Figure
disturbing signals from the matrix at lom/z. 3,_ exp. andvlp), which show deviations in the opposite direction._
As has been shown, perdeuteriomethylation is crucial for Since the latter ones show a higher amount of sequences with
accurate analysis of enzymatically hydrolyzed MC. Otherwise, high and low substitution indicating a slight heterogeneity, the
when the enzymes are studied, their tolerance with respect toformer set represents a slightly higher regularity of monomers
certain methyl patterns can be overestimated. If perdeuteriom-in the chain. This is very uncommon for MCs and means that
ethylation is not possible, MALDI-TOF is the preferred methylation at a certain glucosyl unit had reduced the probability

n(Me)

Figure 2. 2. Influence of the different MS techniques on the analysis
of the methyl distribution of MC 1 after degradation with Trichoderma
longibrachiatum prior and after perdeuteriomethylation. (a) DS cal-
culated for each DP; (b) methyl distributions for DP 5 (for details see
text); B/0 ESI-IT, a/a ESI-QqQ, ®/O MALDI-TOF; black areas: with
perdeuteriomethylation; white areas: without perdeuteriomethylation.

of the chosen voltage on the relative ion yields of chemically
uniform oligosaccharides of a certain DP.

Discrimination of lower methylated constituents levels off
with increasing DP and DS, but has not completely been
equalized until DP 8 (Figure 2a). The MALDI-TOF mass spectra
of the original sample clearly differ from those of the ESI

technique, otherwise all techniques can be used.
Analysis of Methyl Cellulose. To assess the potential of

of methylation at the neighboring unit. Compared to the
calculated distribution of methyl groups, MC 1 shows the same

enzymes for the analysis of cellulose ethers, reference data forirend as MC 4MC 6.

the substituent distribution along the polymer chain were

However, the interpretation of this model follows a more

determined after random degradation as has been deséfibed. qualitative course; no absolute values are obtained. Mischnick
First, the monomer compositions of six commercial methyl and Hennig introduced an extended model, including a neighbor
celluloses MC +MC 6, were analyzed with GLC after dependence of the reactivity of glycosyl units during the course

transformation to partially methylated glucitol acetates. In Table of the derivatizatior#® With this model, it is possible to dedu%‘DV



Hydrolyzed Methyl Cellulose. Part 1 Biomacromolecules, Vol. 7, No. 5, 2006 1403

Table 1. Distribution of Methyl Substituents of MC 1-MC 62

substituent pattern GC  Spurlin =~ A Reuben A GC Spurlin A Reuben A GC Spurlin A Reuben A

MC 1 MC 2 MC 3
So 211 164 4.7 194 1.7 56 4.2 1.4 4.8 08 6.3 4.8 15 5.6 0.7
s> 169 198 -29 168 0.1 137 130 0.7 124 1.3 141 138 0.3 13.0 1.1
S3 2.7 6.2 —35 32 -05 22 31 -09 25 -03 22 33 -11 24 02
S6 17.8 16.5 13 19.5 —-1.7 104 9.8 0.6 11.2 —-0.8 118 10.6 1.2 125 -0.7
S23 9.3 7.5 18 105 -12 85 9.7 -12 103 -18 86 93 -07 102 -16
S26 16.8 199 -3.1 16.9 -0.1 276 303 27 28.9 —-13 274 304 -3.0 28.6 -1.2
S36 3.8 6.2 24 3.2 06 6.3 73 —1.0 5.9 04 56 7.2 —16 5.4 0.2
S236 11.7 7.5 4.2 10.5 1.2 257 226 3.1 24.0 1.7 240 20.6 3.4 22.4 1.6
Co 211 164 4.7 194 1.7 56 4.2 1.6 4.8 08 6.3 4.8 1.5 5.6 0.7
(o] 373 425 52 39.5 —2.2 263 259 0.4 26.1 0.2 281 276 0.5 27.8 0.3
o) 299 336 37 30.6 —0.7 424 473 —49 45.1 —27 416 470 54 44.1 —-2.5
C3 11.7 7.5 4.2 10.5 1.2 257 226 3.1 24.0 1.7 240 20.6 34 22.4 1.6
Hhb 9.0 3.0 4.8 3.3 54 2.9
X2 0.547 (41.35%) 0.756 (40.15%) 0.741 (40.43%)
X3 0.275 (20.79%) 0.427 (22.68%) 0.404 (22.04%)
X6 0.501 (37.87%) 0.700 (37.17%) 0.688 (37.53%)
DS 1.32 1.88 1.83
MC 4 MC 5 MC 6

So 5.3 4.4 0.9 5.1 02 5.0 4.2 0.8 4.8 02 53 43 1.0 4.9 0.4
S 149 151 -0.2 14.4 05 155 160 -0.5 15.4 0.1 143 143 -0.0 13.7 0.6
S3 1.3 24 -11 1.7 -04 13 24 -11 1.8 -05 14 25 -11 1.9 -05
Se 11.7 10.2 15 11.9 —0.2 101 9.0 1.1 10.4 —-0.3 114 10.2 1.2 11.7 —-0.3
So3 8.7 8.2 0.5 9.0 —-03 938 9.1 0.7 9.7 01 87 8.4 0.3 9.1 —-0.4
So6 328 350 —22 33.3 —05 331 346 -—-15 33.3 —-0.2 320 341 -21 32.6 —0.6
S36 4.3 56 —1.3 3.9 04 43 51 -0.8 3.8 05 5.0 6.0 —-1.0 4.5 0.5
S236 21.0 191 1.9 20.8 0.2 209 197 1.2 21.0 —-0.1 220 20.1 1.9 21.6 0.4
Co 5.3 4.4 0.9 5.1 0.2 5.0 4.2 0.8 4.8 0.2 53 4.3 1.0 4.9 0.4
Cy 279 277 0.2 27.9 -0.0 269 274 -05 275 -06 271 27.1 0.0 27.3 -0.2
7] 458 488 3.0 46.2 —0.4 472 488 -16 46.8 0.4 457 485 -28 46.2 -05
C3 210 191 1.9 20.8 0.2 209 197 1.2 21.0 -01 220 201 1.9 21.6 0.4
Hyb 3.8 1.0 2.9 0.8 35 1.3
X2 0.774 (42.39%) 0.793 (43.12%) 0.769 (41.70%)
X3 0.353 (19.33%) 0.362 (19.68%) 0.371 (20.12%)
Xs 0.699 (38.28%) 0.684 (37.19%) 0.704 (38.18%)
DS 1.83 1.84 1.84

aMonomer composition (mol %) and comparison with models according to Spurlin and Reuben. ? Heterogeneity parameter (H) = v/3(A?).

Table 2. DSwe Values and Heterogeneity Parameters H;
Calculated after MS Analysis for DP2 and DP3 Fragments from
Partial Hydrolysis of MC 1-MC 62

according to the modelsly and M; or My, respectively, are
compared for the dimer fraction. In all cases, the standard
deviation of the modelM; andM is lower than the deviation

DS (MA)  DSweDP2 Hz  DSwmeDP3 Hs of the modelM,. The right column depicts the experimental
MC 1 1.32 1.33 6.2 1.34 9.0 data of the un-, mono-, di-, and trisubstituted monomer fractions.
MC 2 1.88 1.84 3.3 1.88 4.3 It can be seen that averaged mol fractions are divided into two
MC 3 1.83 1.81 2.1 1.89 4.2 sub-patterns. In the case of MC 1 these reflect the probabilities
MC 4 1.83 1.86 5.4 1.86 7.3 that glucosyl! units with a certain number of methyl groups are
MC 5 1.84 1.81 8.7 1.80 11.8 located next to an unsubstitutech) or an anyhow substituted
MC 6 1.84 1.85 6.8 1.80 8.4 residue ¢;, ¢, and cz) and correspond to the fitting in the

extended model\;). For the un- and monosubstituted glucosyl
units (o and c;), the probability to be neighbored to an
unsubstituted unit is enhanced compared to the random model,
the interdependence of the substitution at two adjacent glucosylwhereas on the other side, the probability of di- and trisubstituted
units. In modelM;, which was applied to MC 1 (DS 1.5), units to be located next to unsubstituted glucosyl units is
unsubstituteddp) and anyhow substituted;( ¢, c3) neighbors lowered. These result in a partial DS of 0.85 and thus 36% lower
are differentiated. In modéll,, which was used for MC2MC for the neighbors of the unsubstituted glycosyl units compared
6 (DS >1.5), trisubstituted and less substituted units are to a random distribution (1.32). This fraction contributes with
differentiated.M; is more appropriate for samples with a DS 21.1% to the total DS. Consequently, the DS of the remaining
below 1.5 andVi, for samples with a higher DS, because these glucosyl residues, contributing with 78.9% to the entire DS, is
models are most accurate when the abundance ratio of the twol.44. The probability of lower substituted sequences and of
groups of monomer units is as close as possible to 1. For detailshigher substituted sequences is increased compared to a random
see Mischnick et a8 distribution, which can be seen in the left column of Figure 3
The results are displayed in Figure 3. In the left column. the where for MC 1 the experimental distribution is broader than
experimental values and the substituent distributions calculatedthe model My. If the derivatization of a glucosyl unit i(stV

2 The DS values of the total samples (DSya) determined by complete
hydrolysis and GLC of the monomers are listed for comparison.
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Figure 3. 3. Left column: Mol fractions [%)] of dimers with n methyl groups. Comparison of the experimental data (black line) with those calculated
by models Mp (random, long dashes) and M, (MC 2—MC 6) (random comprising conditional probabilities, short dashes); right column: Mol
fractions [%] of un-, mono-, di-, and trisubstituted monomers: Experimental data (black line), sub-pattern for monomers with a trisubstituted
neighbor (MC 2—MC 6, M,, long dashes), and sub-pattern for the monomers with a less than trisubstituted neighbor (MC 2—MC 6, M, short
dashes). For MC 1 the corresponding model M; for DS > 1.5 was applied (for details, see text).

independent of the situation at the neighbor unit, i.e., if it follows enhanced compared to the independence nmidgerhese result

the random modéM, coincidence of the three curves should for MC 6 in a partial DS of 2.05 and thus 11% higher for the
be observed (for dimers and monomers as well). That this is neighbors of the trisubstituted glycosyl units compared to a
not always the case is also obvious for MC 4, MC 5, and MC random distribution (1.84). This fraction contributes with 22.0%
6. The comparison with random mod®ly also indicates a  to the total DS. The DS of the remaining glucosyl! residues,
broader distribution, i.e., a more heterogeneous pattern alongcontributing with 78.0% to the entire DS, is 1.79.

the polymer chain. The probabilities estimated by fitting to On the other hand, MC 2 and MC 3 show a rather low inter-
modelM; now illustrate that the fraction of di- and trisubstituted correlation of adjacent glycosy! units. Especially for MC 3, all
monomers, adjacent to a trisubstitued glucosyl residue, is curves in Figure 3 are in very good agreement. Only a S@BR/
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Table 3. M,, M,, and Polydispersity (My/M,) of MC 1—MC 6 Prior
and After Degradation with Tr. longi? 1.4 4
original sample digested with Tr. longi 12
sample My My MMy My Mo MalM, 8
MC 1 11.6 61.3 5.3 § 1.0 1
MC2  221.8 466.5 2.1 222 347 1.6 z
MC3 2627 5061 1.9 211 333 1.6 3 081
MC4 121 230 19 90 131 15 =
MC5 269 420 1.6 108 151 1.4 £ 06
MC 6 90.6 2015 2.2 13.8 224 1.6 2
= 04
a M, and M, are given in kDa. e
0.2
deviation toward a more regular pattern compared to the .
statistical distribution can be recognized and are more pro- o0 T :

nounced for MC 2. Here, the probability of trisubstitution in 10000 100000
neighborhood to di- or trisubstituted residues is lower compared Molar Mass

to the independence model. This results in a partial DS of only Figure 4. 4. SEC-MALS/RI profile of MC 2—MC 6 hydrolyzed with
1.67 and thus 11% lower for the neighbors of the trisubstituted €NZyme preparation from Trichoderma longibrachiatum.

glycosyl units compared to a random distribution (1.88). This 1 -

fraction contributes with 25.7% to the total DS. The DS of the 16 |
remaining glucosyl residues, contributing with 74.3% to the 141 /
entire DS is 1.95. 1.2

Thus, fitting of the experimental data with the modg/ @ ;Z /
Mz gives a more detailed and quantitative picture of the | AMC1 ®MC4

deviations from the random model and additional quantitative , | OMC2 AMCS

data. 021 OMC3 mMC6
Enzymatic Hydrolysis. In the next step, the MCs were 0.0

degraded with a commercially available enzyme preparation bP2 bP3 DP4 DPS DPé bP7 pPe

from Tr. longi. Tr. longi has previously shown hydrolytic Figure 5. 5. DS/DP plot for MC 1-MC 6 calculated from ESI-ITMS
activity on derivatized cellulos®. This enzyme preparation ~ 2ftér hydrolysis with enzyme preparation from Trichoderma longibra-
hydrolyzes cellodextrins to gluco¥endicating that it does not chiatum and perdeuteriomethylation.
only contain endoglucanase but algeglucosidase (and/or
exoglucanase) activit$: The purpose of enzymatic hydrolysis
was to find out whether it allows us to observe the differences
in the substitution pattern found by the “random approach” and
if even more data could be extracted. Different enzymes posses
different abilities to hydrolyze the derivatized cellulcge.
Therefore, it is important to gain knowledge on the enzymes’
selectivity.

Another issue in the interpretation of the results after

My compared with that of MC 4, MC 5, and MC 6. However,

the reason for the large end products of MC 2 and MC 3 is not

the size of the intact polymer but rather the more regular or
early random distribution of the various glucosyl residues for
C 2 and MC 3, which apparently allows the enzyme only

limited access to the substrate. It is also obvious that significant

hydrolysis has occurred for MC 2, MC 3, and MC 6, silg

has decreased considerably. For MC 4 and MC 5, only few

enzymatic degradation is to what extent the MC has been cleavages have occurred per chain. Due to its lower DS, MC 1

hydrolyzed. Information with respect to the distribution of the has been hydrolyzed the most (see Table 3).
substituents along the cellulose chain is difficult to achieve, due ~ ESI-IT mass spectra were recorded after enzymatic digestion
to the generally high DS. From starch analysis it is kn#in#b and subsequent perdeuteriomethylation. DS values were calcu-
that representative data can be obtained, because these polysatted for each DP. In Figure 5, they are shown up to DP 8 for
charides are normally derivatized to a low level with a BS ~ all MCs. For all samples, DS increased with the DP. This is
0.1. expected due to the fact that the smaller the oligomers, the higher
The extent of hydrolysis of the polymer was estimated with the proportion of monomer units, which have been involved in
SEC-MALS/RI. The results are presented and discussed in detailthe active complex and thus limited by the tolerance of the
in part 2 of this world In Table 3, the results of SEC-MALS/  €nzymes’ cleavage site. At a DP lower than or equal to the
Rl analysis are summarized. Prior to hydrolysis, the MCs number of sub-sites, some monomers have even been involved
covered a broad range of molecular weighitg from 23 to 506 twice in the active complex. The differences between various
kDa. After enzymatic degradatioi},, and the polydispersity ~ enzymes are further investigated in part 2 of this wirkhe
(Mw/Mp) had decreased for all samples. Low molar mass higher the DP of the product of enzymatic digestion, the lower
oligomers are discriminated in this analysis due to detection the relative contribution of the monomer constituents involved
and column limitation of the instrumental setup applied (elution in the active complex. Therefore, an asymptotic approach toward
with the salt peak) as well as the low concentration used. From a certain DS above the average DS is expected. If the MC is
comparison of the molecular mass distribution before and after degraded to a large extent, the DS should reach a level-off DS
enzymatic hydrolysis with Tr. longi, it is evident that degradation higher than the average already at lower DP. The DS/DP plots
of MC 4, MC 5, and MC 6 (see Figure 4) stops at about the (Figure 5) of MC 2, MC 3, MC 5, and MC 6 show nearly the
same averagkl, andM, independent of the starting situation. same features. The course for MC 1 is shifted to lower DS
This is a second indication that these MCs have a similar values, whereas MC 4 deviates toward higher DS values. This
substituent distribution. MC 2 and MC 3 originally have a high means that although the degradability increases with decreasing
M, andM,, and are hydrolyzed to a different level-dff, and DS, this does not result in the same limiting DS/DP, sinceélbev
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Figure 6. 6. Distribution of methyl groups in DP 2—5 of MC 1-MC 6 after degradation with the enzyme preparation from Trichoderma
longibrachiatum, perdeuteriomethylation and analysis with ESI-ITMS.

inhibition by methylation at a certain position is active for the a) 25
corresponding mono-, di-, and tritsubstituted glucosyl units as 201 enzyme
well. < 15 acid
As mentioned above, thd,, of MC 4 is significantly lower 3
than the values of the other samples. Therefore, it is likely that 10
cleavage products involving one original end group significantly 5
contribute to the oligomers detected with MS. Since these 0 » : : , , : : , :
compounds are not or less influenced by the enzymes’ selectiv- 0 1 2 3 4 5 6 7 8 9
ity, the average DS increases. These oligosaccharides cause a n (CH,)

bimodal distribution of the methyl distributions in each DP as ) 25 -
will be outlined as follows. In Figure 6, the methyl distributions

of DP 2, 3, 4, and 5 are displayed, and all MCs are compared 207 enzyme (O)
to give a more detailed picture. Again MC 2, MC 3, MC 5,and o 15

MC 6 show nearly the same distribution, whereas MC 1 and 3 10 1 )

MC 4 deviate. The methyl pattern observed for MC 1 is simply = 5 | acid-0.45 (M)

enzyme - acid+0.45 (¢)

T Y Y

shifted toward the lower substituted region, due to the lower g
DS (1.32) of this sample. However, for MC 4 not only a shift

but a bimodal distribution is visible from the plots for the methyl 50 ! 2 : N ° ® ! s °
distribution. Figure 7 illustrates the assumption that the pattern n(CHy)

of MC 4 is caused by the low molecular mass of the original ) 5, -

sample. Thus end groups can no longer be neglected. The

substituent distribution after enzymatic cleavage and after 407

random cleavage is compared for DP 3 of MC 4 (Figure 7a). , 307

The maximum after random cleavage with trifluoroacetic acid 5 20 MC 2-6 corrected

(TFA) matches the second maximum of the distribution after = 10 1

enzymatic cleavage. When taking a contribution of 45% of the

random hydrolysis products and subtracting this part from the 0

bimodal curve, the bimodal distribution can be separated into
two overlaying patterns (Figure 7b). The left sub-pattern with n (CH;)
a low average DS (0.77) represents products from selectiveFigure 7. 7. Influence of the samples’ original molar mass on the
cleavage, whereas the right one with the average DS of the results after enzymatic hydrolysis of MC 4 with Trichoderma longi-
sample is interpreted as the contribution of oligomers comprising brachiatqm. DP 3 is_shown for illustration. (a) Methyl distribution af_ter
one original end unit. The influence of the original ends of the EnzyMatic hydrolysis and after random degradation; (b) subtraction

. . - .~ procedure to correct for unspecific cleavages (see text); (c) methyl
polymer 'n th?se calculations is now removed after subtracting pattern of MC 2—MC 6 corrected for unspecific end groups contribu-
the contribution of random cleavage from the pattern after tion as illustrated for MC 4 in panel b.
enzymatic cleavage. Thereby, a curve representative for the
enzymatic cleavage is generated. As can be seen, the enzymef the MC used, when the contribution of the original terminal
accepts only 45 methyl groups at DP 3 instead of the otherwise residues is eliminated. This means that within the sensitivity of
misinterpreted nine methyl groups. After applying this method this analytical approach the methyl distribution for a certain
to all MCs and subsequent normalization, it is possible to DP is determined by the selectivity of the enzyme (Tr. longi)
compare the representative enzymatic curves of all MCs (Figureand not by the pattern of the MC, since only degradable
7c¢). As seen in this figure, the distribution pattern is independent sequences are selected by the enzymes. However, in par&%\C}f
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this study, we will show that it is possible to see differences Scheme 1. Sample Preparation for the Investigation of the
between the MCs if enzyme preparations with different selectiv- Enzymes Selectivity
ity are used. The difference in the heterogeneity of various MCs OR oR
should thus be reflected by the quantitative composition of the o] OR
degraded MC with respect to DP. As already discussed, the used HORO o o o)
SEC-MALS/RI-instrumentation is not sufficient to separate the OR RO O

R=H, CH3 OR RO oR OH

low molecular fractions. HPLC could fill this gap between MS
and SEC analysis. 1. NaBDy4

Analysis of the Enzymes’ Selectivity Apparently, substitu- OR 2 hoa, Pyreine
tion of glucosyl units interferes with the formation of the active o OR OR
enzyme-substrate complex. Although it can be assumed that ACORO 0/&/ /&
the enzyme is most sensitive against the glucosyl units on either OR RO o)
side of the cleavage point, the activity of the enzyme also R A%CHs OR RO OR OAc

depends on the cooperation of the neighboring glucosyl units.
All monomeric units of the oligomeric sequence involved in

OR
the active complex can hinder the enzyme in an individual o OR OR
manner. Attempts have been made to determine how theDs;CO o]
RO o) OCD3
OR RO o)
OR RO OCD3
OR

CDj3l, NaOH, DMSO

different monomer patterns hinder the enzyme using regiose-

lectively substituted cellulose derivativ&sin these investiga- R=CDy, CHs
tions 6:O- and 2,3-di©O-methyl celluloses were analyzed with
respect to their degradability with an endoglucandsgclo-
dermaviride), and it has been found that the enzyme could Table 4. Composition (Mol %) and DS Values of the Constituents
only cleave glycosidic bonds of the®-methyl but not of the ~ ©f the DP 2 and DP 3 Fraction of MC 1 and MC 3 Obtained by
2,3-di-0-methyl derivative. In some cases, the enzyme Enyzmatic Hydrolysis with Enzyme Preparation from Tr. longi

a2DP 3 is shown as an example.

substrate complex (unsubstituted cellooligomers) could be MC1 MC3

crystallized, and X-ray structure analysis was perforifatlith DP 2
this structural information, molecular modeling calculations reducing end Co 97.48 85.80
could give indication on the special requirements of the active ol 2.52 13.82
site. C 0.00 0.38
To get an overall picture of the enzyme activity on methyl Cs 0.00 0.00
cellulose, one has to consider that the cellulose derivative _ DS 0.03 0.15
contains multiple sequences of possible substrates for the nonreducing end DS 1.03 1.04
DSs 0.53 0.59

enzyme. It also has to be considered that hydrolysis is achieved
either with a pure enzyme or a mixture of several. By a labeling DP 3

strategy similar to the one described for the analysis of reducing end Co 94.71 89.05
enzymatically hydrolyzed methyl amylos&the reducing and ol 5.29 10.44
the nonreducing glycosyl unit of DP 2 and DP 3 and the internal 2 0.00 0.51
glucosyl unit of DP 3 could be individually analyzed, and their Cs 0.00 0.00
DS could be calculated independently. Furthermore, the con- DS 0.05 0.11
tribution of un-, mono-, di-, and trisubstituted residues,c;, nonreducing end Co 1.32 2.48
Cz, and cz, to the reducing end of DP 2 and 3, and to the C1 56.40 50.09
nonreducing end of DP 3 (but not of DP 2, see below), could C2 40.38 34.48
be determined with ESI-MS/MS. Since the end groups of the Cs 1.90 12.95
original sample influence the pattern of hydrolysis products and _ DS 143 1.58
therefore might cause erroneous interpretation (see above), MC ~ interal residue Bz g-gg g-sg
> . .

3 with the highest molecular mass has been selected, since the
end groups can then be neglected. As summarized in Scheme

1, the products from enzymatic hydrolysis with Tr. longi groups (as [M-Li] *). Fragment ions are assigned according to
endoglucanase were reduced, acetylated (for isolation by extracthe nomenclature of Domon and Costélldirect information
tion), and after exchange of acetyl groups to deuteriomethyl on the contribution oty, C1, Cp, andcs to the nonreducing and
groups submitted to ESI-MS/MS analysis. By this procedure, the reducing ends are obtained from the fragmentar@ Y,
oligomers are obtained that contain, besides the three eitherespectively. The DS of the internal 1,4-linked glucosy! residues
methylated or deuteriomethylated groups (O-2, O-3, and O-6), could be calculated using the data of the mother spectrum and
two deuteriomethyl groups at the reduced terminal glucitol (O-1 those deduced from the intensities af@d Y; fragments. Each
and O-5) and one additional at the nonreducing end (O-4). By group of glucosyl units contributes by one-third to the average
means of ESI-MS/MS analysis of all oligomers belonging to ps jn DP 3. By fragmentation of the homologous belonging to
one DP, quantitative structural information about the individual pp 2, v, fragments were exclusively obtained as characteristic
residues was obtained (Figure 8), in a similar way as has jons, providing only information about the reducing end. The
previously been described by Adden and Mischnick é¢al. DS of the nonreducing end was calculated using the same
In Figure 8a, the mother mass spectrum of the labeled procedure as has been described for the internal residue of
oligomers (as [M-Na]") is displayed. DP 3 is shown in an DP 3.
enlarged scale. The original number of methyl groups is assigned One important issue to prove the accuracy of this method is
to the signals. Figure 8b shows one daughter ion mass spectrunthe agreement of the DS values obtained by this approach and
from the trisaccharide fraction originally containing two methyl directly after perdeuteriomethylation. On the basis of @BV
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Figure 8. 8. (a) ESI mass spectrum of MC 1 after enzymatic degradation and sample preparation according to Scheme 1. DP 3 is shown in
detail. (b) Daughter mass spectrum of the trimer with two CH3 groups. Enlarged are the m/z areas of all fragments.

method, the values of MC 1 and MC 3 are just approximately
0.1 and 0.15 lower, showing that the method is valid; that is,
the calculated DS of DP 2 (DP 3) for MC 1 after degradation
with Tr. longi is 0.61 (0.67) after perdeuteriomethylation and

0.53 (0.65) after performing the sample preparation described

here.

Results for enzymatically degraded MC 1 and MC 3 are listed
in Table 4. The nomenclature for endoglucanéssstes that
the newly formed reducing end was located atttfesub-site
of the active center, the next at glycosyl uri2, and so on.
The newly formed nonreducing end was located at sub-slte

pronounced than that of subsitel. The reducing ends for DP
2 and DP 3 are very similar in composition for both MCs. It is
concluded that it is sufficient to choose MC 3 for this analysis.
MC 1 does not offer further data.

Conclusion

In part 1 of our studies, it has been shown that perdeuteri-
omethylation prior to analysis with any MS technique is a
prerequisite to evaluate quantitative data. In the investigation
of five MCs with a DS of about 1.8, two sets have been found

and so on. As shown in Table 4, the new reducing ends arewith respect to the monomer composition and the distribution
mainly unsubstituted but can bear one substituent. In rare casesin the polymer chain (heterogeneity). After hydrolysis of these

it can hold two, but this is most likely due to the original
reducing end of the mother polymer prior to the enzymatic
hydrolysis. The DS values for the individual residues are only
slightly higher for MC 3 (0.15) than for MC 1 (0.03). The new
formed nonreducing end in DP 3 of MC 1 (DS 1.32) refers to
sub-sitet+1 and after another cleavage to sub-site This new

MCs with an enzyme preparation of Tr. longi, differences could

be observed for these sets with SEC-MALS/RI. In contrast, the
methyl pattern in the oligomeric products and the DS vs DP

did not reflect these differences in heterogeneity but were much
more influenced by the DS and tih,, of the MC. At a low

Mw, oligomers containing one end group of the original polymer

nonreducing end is even higher substituted (DS 1.43) than MC strongly contribute and thus overlay the methyl pattern and cause
1 on average, whereas for MC 3 (DS 1.83), a DS of 1.58 is too high a DS. This will results in misinterpretations with respect
observed. In contrast, the nonreducing end of the new formedto the tolerance of the enzyme against methyl groups at certain
dimers (DP 2), which refers to sub-sit¢4 and—2 of the active positions. The methyl distributions/DP could be corrected for
site, only reaches a DS of 1.0 for both MCs. The DS of the this unspecific contribution (random), thus showing that there
internal residues of DP 3, which combines relation to sub-sites were no differences for the MCs of the same DS. Thus, the
—2 and+2, is even lower (0.46 for MC 1 and 0.69 for MC 3). differences in degradability, visible in SEC-MALS/RI, are not
Therefore, the influence of sub-site2 seems to be more reflected in the methyl patterns of the oligomeric degrada&%\/
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products with Tr. longi that could be analyzed with MS.  (12) Heinrich, J.; Mischnick, P. Polym. Sci. A: Polym. Chen1999
However, information bearing differences between the samples 37, 3011-3016.

; ; ; ; ; (13) Saake, B.; Lebioda, S.; Puls,Holzforschung2004 58, 97—104.
might ?e Coma.'gledb'n ;FSE Iargler .degrrﬁdat'on prOdutCts' V;’h'clh (14) Altaner, C.; Puls, J.; Saake, Bellulose2003 10, 391—395.
are nol accessible by analysis. € enzyme Cuis out only (15) Saake, B.; Horner, S.; Kruse, T.; Puls, J.; Liebert, T.; Heinze, T.

sequences compatible with its active site. Thus, the results Macromol. Chem. Phy£00Q 201, 1996-2002.

indicate that the amount of these products will be more (16) Momcilovic, D.; Schagetp H.; Rome, D.; Jonten-Karlsson, M.;
characteristic for a certain methyl pattern than the pattern itself. Karlsson, K.-E.; Wittgren, B.; Tjerneld, F.; Wahlund, K.-G.; Brink-
To gain information about the selectivity of the enzyme, the malm, G.Anal. Chem2003 77, 2948-2959.

end groups representing certain sub-sites of the active complex (*7) ;—3“2'”%67\’! 'ilAsdde”' R.; Mischnick, AInt. J. Mass Spectron2004

were labeled by reduction and perdeuteriomethylation. By means (1) nojiri, M.; Kondo, T.Macromolecules1996 29, 2392-2395.
of ESI-MS/MS, the methyl pattern or at least the average DS (19) Melander, C.; Momcilovic, D.; Nilsson, C.; Bengtsson, M.; Schager-

could be analyzed for each individual residue. The reducing I6f, H.; Tjerneld, F.; Laurell, T.; Reimann, C. T.; Gorton, Anal.
end, related to sub-sitel, was nearly completely unsubstituted, Chem.2005 77, 3284-3291.
whereas the nonreducing end showed the highestfi$ ¢nd (20) Ciucanu, I.; Kerek, FCarbohydr. Res1984 131, 209-217.

. . (21) Hakomori, SJ. Biochem1964 55, 205-208.
the internal residue of DP3 an average DS value. The methods (22) Adden, R.: Mischnick, Ant. J. Mass Spectron2005 242, 63-73.

presented in this study were applied to five cellulose degrading (23) Momcilovic, D.; Wittgren, B.; Wahlund, K.-G.; Karlsson, J.; Brink-

enzymes, which is reported in part 2. malm, G.Rapid Commun. Mass Spectrof03 17, 1116-1124.
(24) Mischnick, P.; Heinrich, J.; Gohdes, Mapier (Bingen, Ger.1999
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