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1  Introduction 

1.1  Plant cell walls 
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1.2  Structure, occurrence and function of plant cell wall 

polysaccharides 
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1.2.1  Cellulose 
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Figure 1.1  Structure of the primary plant cell wall   
Cellulose is synthesized at the plasma membrane by CesA rosette 
complexes.  Hemicelluloses may later bind to the cellulose microfibrils.   
Pectins are shown, including their capacity to be bound together through 
borate dimerization or Ca2+.  Image taken from Somerville et al., 2004. 
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1.2.2  Hemicelluloses 
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1.2.2.1  Xyloglucan (XyG) 
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Xyloglucan from dicots 

 
Xylan from grasses 

 
Galactoglucomannan from gymnosperms 

 
Mixed-linkage glucan from cereals 

 
Legend 

 
glucose  arabinose  
 
xylose   fucose 
 
galactose  glucuronic acid  
 
mannose   
 
 

Figure 1.2  Structure of hemicelluloses from various land plants 
Models built using GlycoWorkbench (Ceroni et al., 2008). 
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1.2.2.2  Xylan 
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1.2.2.3  Mannan 
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1.2.2.4  Mixed-linkage glucan (MLG) 
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1.2.3  Pectin 
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1.2.3.1  Homogalacturonan (HG) 
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Figure 1.3  Common structures of pectin 
Different regions or types of pectin can be linked along a shared backbone.  
Some side-chain structures are different in certain plants.  Image taken from 
Scheller and Ulvskov, 2010. 
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1.2.3.2  Rhamnogalacturonan I (RG-I) 
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1.2.3.3  Rhamnogalacturonan II (RG-II) 
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1.2.3.4  Xylogalacturonan (XGA) 
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1.3  Xyloglucan endotransglucosylase/hydrolase (XTH) 
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Figure 1.4  Phylogenetic tree of the XTH gene family. 
Bootstrap values shown.  Taken from Baumann et al., 2007. 
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1.3.1  Function of XTH 
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1.3.2  Characteristics of XTH 
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1.4  Evolution of Viridiplantae and their walls 
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Figure 1.5  Diagram of plant evolution 
Summarized from Qui et al. (2006) and Langdale (2008).  Horsetails form a 
monophyletic group with true ferns and whisk ferns in the division of 
Monilophyta, which is sister to seed plants, the Spermatophyta. 
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1.4.1  Green Algae 
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1.4.2  Non-vascular land plants:  bryophytes 
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1.4.3  Basal vascular plants:  pteridophytes 
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1.4.4  Seed plants:  spermatophytes 
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1.5  Equisetum physiology 

1.5.1  Reproductive life cycle 
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1.5.2  Anatomy of the sporophyte 
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1.5.3  Equisetum cell walls 
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1.6  Project aims 

1.6.1  Purification of MXE 
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1.6.2  Characterization of MXE 
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1.6.3  In vivo MXE action 

H
����"���������'��#$$$��
���
��	�������	��
������������
�����
��!
����
@��

��


��8���
���
�����'�������
���	��������"�������		���
����"�����������
�	�"�����

�
�����
�
������"
�
��
��
���
"�		
��

���������
���8����	�
!
�������

��
���
���������

��
��	����������
����

�'��F��������!����"���������������

��
����	��
�����
���
��8�����	�����
���
���������
�������������������
�	���
���

��	
������������
����

��
���������1
����
�������'��#$$#��������	�����!���

�6�������������'��#$%$�������!��

����
����
�������T
&
����������'��#$%$�'���

� ����
����
��
�����
����	�

������
����	��
����	�����
�������
	��

��
��

�8��
��8����	�

�'��+
��!������
����	��
�����
����
���
��
���
���"�������

������
���
�	��"
����	�
!
�
�����������������		���
����"������'��������
�����
�



 42 

�
��
���
���"�������������
�������

��"�������		���
��	���"�������
��

���
�

��������
��'��*�����
	�����
����	���"���<���	������
�������
�����

��	�

���������	���"���
��
���
�������
����	��
�����"���
����

���
������	
�
	�

���
���	��������8�5�
���
	������������
�
�
��		���
������
��	���	���"��

����������"����
�,������	��
���
������'�

�



 43 

2  Materials and Methods 

2.1  Routine laboratory techniques 
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2.1.1  Plant material 
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2.1.2  Extraction of enzymes from plant material 
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2.1.3  Alcohol-insoluble residue (AIR) 
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2.1.4  Saccharide chromatography 

2.1.4.1  Thin layer chromatography (TLC) 
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2.1.4.2  Paper chromatography (PC) 
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2.1.4.3  Gel permeation chromatography (GPC) 
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2.1.5  Sugar detection 

2.1.5.1  Thymol 
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2.1.5.2  Silver nitrate 
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2.1.5.3  Anthrone 
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2.1.6  Protein assays 

2.1.6.1  Bradford assay 
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2.1.6.2  Absorbance at 280 nm (A280) 
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2.1.6.3  Ninhydrin stain for amino acids 
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2.1.7  Polysaccharide hydrolysis 

2.1.7.1  Trifluoracetic acid (TFA) hydrolysis 
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2.1.7.2  Enzymic hydrolysis 

2.1.7.2.1  Xyloglucan endoglucanase (XEG) 

����
��
�
�����
�����
��<��
���	�������(�EAA��=�1 ,#$$$,$AA;;,$%������
�

&�
������8�5�������������'�%CCC����������
����
�����
��-
!
�-
��
�&��9(�

�1���!`����������&��������
��
�!����
�%���9���"���������
�!���

��
��

���6��%?%?CG��M�$'EI�31'����
���
���

��������
��
�����������
�������BG$\3�

�
������������'��8�5��E$�]��������������
�����"���
���8�5��$'$EI��
��#$�]�'��

�������	�

��������
�����"���������
�

��
�����������!
�����
���
��
	��	
��

�)��'�������
����

���
<�������������������
����
�����(�!������(%$%$�

(����H�	��������,�
��
�!���
���������
����������������
�'���

�

2.1.7.2.2  Lichenase ((1�3),(1�4)-�-glucan endoglucanase) 

2
	��������������	��������
������@�����*�	'���������	
�
�����
�����
���

��


�����
�
����������'��������@�����%$$���
���� ��������������������

���
��
�!���
�����6�M�$'EI�31��%$����'���25��E$�]��
��%$�]��������
<���

�
���%$�]���$'%� ��
���
	��������������
�����"��)���:�]��'�������
<���������

����������
���
����(����H�	��������
��
�!���
���������
����������������
�'�



 50 

�

2.1.7.2.3  Driselase 
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2.2  Radioactivity detection and measurement 

2.2.1  Tritium in solution 
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2.2.2  Scintillation counting of TLC segments 
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2.2.3  Scintillation counting of PC segments 
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2.2.4  Detection of radiolabelled compounds by fluorography 
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2.2.5  Detection of radiolabelled compounds by autoradiography 
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2.3  Assay of transglucosylation activity 

2.3.1  Radioactive transglucosylation assay 
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2.3.1.1  Detection of radioactive product by water washing  
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2.3.1.2  Detection of radioactive product by paper chromatography 
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2.3.2  Fluorescent transglucosylation assay 

2.3.2.1  Preparation of the assay papers 
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2.3.2.2  Test paper assay 
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2.3.3  Cellulose : xyloglucan endotransglucosylase assays 
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2.4  Protein purification methods 

2.4.1  Ammonium sulfate (AS) precipitation 
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2.4.2  Polyacrylamide gel electrophoresis (PAGE) 

2.4.2.1  Sodium dodecyl sulfate (SDS) PAGE 
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2.4.2.2  SDS PAGE silver stain 
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2.4.2.3  Native PAGE 
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2.4.3  Gel permeation chromatography (GPC) on Bio-Gel P-100  
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2.4.4  Ion-exchange chromatography (IEC) 

(���
�����,(������<�3E$��������	
���"�������������������
	��
��-�3���%�

���������
���
�������%$������+�D';����
	�'��1������������	&����
�%����"���

!
�����
�����
��,�����	
�����������������
����<	����"�����'���(,

���	
�
��������(������@���������
����������
����%$�����
��������+�D';��


!���
����������	����
�������A\3��%$��
���%D�$$$�������
����
!�����	
�
�����'��

�����
���������$'#�������������
����
�����	
����������
��
�����
���%'G����
��

���������"�����'����
��
����������������
���"�������
��
�	����
����+�
��


�	����
��������	
�	������

�'��)��	�

����������������
����������	
�����

��

�	�
!
���"���������

�	�
!������
�������
����
��
��	
�����'�

�

2.4.5  Concanavalin A (Con A) lectin affinity chromatography 
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2.4.6  Rotofor isoelectric focusing (IEF) 
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2.4.7  MXE sequence analysis by mass spectrometry 

2.4.7.1  Trypsin digestion of an SDS PAGE band 
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2.4.7.2  Analysis of tryptic digest with MALDI–TOF MS 
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2.4.7.3  Analysis of tryptic digest by LC–MS 
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2.5  Endogenous transglucosylation products using 

exogenous acceptor substrates 

2.5.1  Ex Vivo:  extraction of transglucosylation products formed using 

endogenous enzyme and donor substrates 
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2.5.2  In situ transglucosylation action 
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2.6  Equisetum fluviatile cell cultures 

2.6.1 Cell culture initiation 
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2.6.2  Optimization of the culture medium 
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Table 2.1  Culture media containing various concentrations of 2,4-D and 
kinetin 

 

Initiated callus cultures were divided 
onto solid media containing different 
amounts and types of hormones.   
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2.7  Radiolabelling of XGO 
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Initiated on: 2 0.0

V 0 1.0
W 1 1.0
X 1 0.5
Y 2 1.0
Z 2 0.5
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2.8  Dissolution of cellulose in  DMA/LiCl 
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3  Results and Conclusions 

3.1  Purification of MXE 
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3.1.1  Ammonium sulfate (AS) sequential precipitation 
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3.1.1.1  AS precipitation from 30 to 90% saturation 
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Table 3.1.1  Ammonium sulfate sequential precipitation of crude 
Equisetum extract 

 

A portion of each fraction’s MXE and XET activity was assayed by the 
radioactive method, and the total CPM of product formed per minute of 
incubation for the entire fraction was estimated.  Rate was calculated as a 
best fit line of four time points 5–90 min.  The original extract was assayed in 
a different buffer than the AS precipitated proteins.  Protein content was 
measured by the Bradford assay. 
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3.1.1.2  AS Precipitation 2 
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% (sat.) AS   Protein % of % of
(mg) MXE total XET total MXE XET

Original extract 41.2 20200 (100) 21900 (100) 490 532
0 8.48 352 1.74 378 1.73 41.5 44.6

30 10.5 22000 109 17600 80.4 2100 1680
40 5.30 268 1.33 836 3.82 50.6 158
50 2.94 21.6 0.11 151 0.69 7.35 51.4
60 2.88 0.08 0.00 29.6 0.14 0.03 10.3
70 1.80 15.4 0.08 36 0.16 8.56 20.0
80 1.30 5.44 0.03 15.6 0.07 4.18 12.0
90 2.20 2.24 0.01 16.8 0.08 1.02 7.64

% Recovery: 85.9% 112% 87.0%

 Total Activity (CPM/min) Specific Activity
(cpm/min/mg)
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Table 3.1.2  Ammonium sulfate low-concentration sequential 
precipitation 

 

Activity and protein assayed as in Table 3.1.1.  Rate was calculated as a best 
fit line through the linear range of four time points 0–3 h.  *Fractions pooled 
for use in further experiments. 
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3.1.1.3  AS Precipitation 3 
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% (sat.) AS  Protein % of % of
(mg) MXE total XET total MXE XET

Original extract 55.2 17400 (100) 21900 (100) 315 397
0 16.5 258 1.48 233 1.06 15.6 14.1

10 0.636 1210 6.95 795 3.63 1900 1250
*15 0.817 5660 32.5 3000 13.7 6930 3670
*20 1.25 13500 77.6 8540 39.0 10800 6830
*25 1.75 9690 55.7 5280 24.1 5540 3020
30 4.04 1650 9.48 1820 8.31 408 450
40 3.85 20.0 0.11 642 2.93 5.19 167
90 12.4 2.51 0.01 125 0.57 0.20 10.1

% Recovery: 74.7% 184% 93.3%

Total Activity (cpm/min) Specific Activity
(cpm/min/mg)
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Table 3.1.3  Bulk preparation of ammonium sulfate precipitated proteins 

 
Proteins were extracted in citrate extraction buffer (165 mM, pH 6.3) and 
tested for MXE and XET activity, and for protein as in Table 3.1.1.  Rate was 
calculated as a best fit line of seven time points 0–3 h. 
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3.1.2  Native PAGE 
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% (sat.) AS  Protein % of % of
(g) MXE total XET total MXE XET

Original extract 2.25 1280 (100) 814 (100) 569 362
10 0.42 190 14.8 100 12.3 452 238
20 0.30 840 65.6 480 59.0 2800 1600
30 0.96 120 9.38 110 13.5 125 115
40 0.17 1 0.08 15 1.84 6 88

% Recovery: 82% 90% 87%

Total Activity (kcpm/min) Specific Activity
(cpm/min/g)
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  a)    b) 

 
Figure 3.1.1  Zymogram of native PAGE 
Crude extract (a) or ASP (b, pooled fractions from Table 3.1.1) was run on 
native PAGE.  One lane was stained with Coomassie Blue (CB).  Three lanes 
of the electrophoresed gels were excised and washed twice in 0.3 M citrate 
buffer (pH 6.3) for 15 min.  Enzyme activities were detected by overlaying the 
lane with paper impregnated with MLG and XXXG-SR (M), XyG and XXXG-
SR (X), or just XXXG-SR (C).  Pink bands indicate polysaccharide-to-
oligosaccharide transglucosylation. 
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3.1.3  Bio-Gel P-100 
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Figure 3.1.2  Calibration of BioGel P-100 column 
The 87-ml bed-volume column was equilibrated in citrate buffer (0.3 M, pH 
6.3).  Fractions (2 ml) were collected at a rate of ~14 ml/h.  BD, cytochrome 
c551, and CoCl2 were detected by spectrophotometry (600 nm, 410 nm, 510 
nm, respectively). 
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3.1.3.1  Column Calibration 
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Figure 3.1.3  BioGel P-100 chromatograph of crude extract 
Fractions (2 ml) were collected (flow rate ~14 ml/h).  Each fraction was 
measured once for activity by the radioactive method; reaction mixture 
included each fraction (20 µl), [3H]XXXGol (1 kBq), and MLG or XyG (0.16%); 
2 h incubation.  The undiluted (calculated) samples’ A280 is reported.  For 
determination of void and included volumes, refer to Figure 3.1.2. 
 
�

3.1.3.2  Crude extract separated by Bio-Gel P-100 
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3.1.3.3  Stable enzyme–substrate complex purification 
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3.1.3.3.1  Crude extract complexed with MLG 
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Figure 3.1.4  Elution of enzyme–MLG complex from Bio-Gel P-100 
Fractions (2 ml) were eluted in citrate buffer (0.3 M, pH 6.3) in 6ºC at a rate 
of ~12 ml/h.  MXE and XET activities were assayed by incubating each 
fraction (20 µl) with [3H]XXXGol (1 kBq) and MLG or XyG (0.32%) for 2 h. 
The undiluted (calculated) samples’ A280 is reported. 
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3.1.3.3.2  ASP complexed with XyG 
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Figure 3.1.5  Elution of enzyme–XyG complex from Bio-Gel P-100 
Pooled ASP from Table 3.1.2 was incubated with XyG (0.2%), BD (0.13%), 
and sucrose (33%) for 30 min at 6ºC.  Void volume was determined with BD, 
included volume was determined by silver-stained sucrose.  Activity was 
assayed by incubating 20 µl of the fraction with [3H]XXXGol (1 kBq) and XyG 
(XET curve), MLG (MXE curve) (0.32%), or water (Bkgd curve).  The 
background (Bkgd) values were subtracted from the XET and MXE values. 
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3.1.3.4  Prevention of enzyme binding to the column 
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3.1.3.4.1  Effect of poly-lysine (PL) and bovine serum albumin (BSA) on 

activity 

 
Figure 3.1.6  Effect of PL and BSA on activity 
ASP (pooled fractions from Table 3.1.2) was diluted 1/10 in citrate buffer (0.3 
M, pH 6.3) and was incubated with [3H]XXXGol (1 kBq), XyG or MLG 
(0.32%), and PL or BSA.  Rate of activity was measured over a time course 
of 0–192 min.  The gradient ±SE of the best-fit curve is reported, n=7.   
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3.1.3.4.2  Effect of Triton X-100 and BSA on activity 
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Table 3.1.4  Activity rate in the presence of Triton X-100 and BSA 

 
Activity was measured as in Figure 3.1.6 over the linear phase of a time 
course 0–180 min in the presence of 0.66% BSA, 0.05% Triton, or both; cpm 
of product / min reported, ±SE of the curve, n=7, * n=6, ** n=5. 
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Additive
None 14.2 ±0.2** 6.14 ±0.14*
BSA 12.5 ±0.3* 6.16 ±0.11
Triton 13.2 ±0.3* 5.81 ±0.19*
Combined 14.0 ±0.7** 5.33 ±0.46

(cpm of product/min) (cpm of product/min)
MXE XET
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3.1.3.4.3  Elution of MXE and XET activity with additives from Bio-Gel P-

100 
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Figure 3.1.7  Elution of activity with additives 
Pooled ASP from Table 3.1.2 (0.1 ml) was mixed with BD and fructose 
(internal markers) in citrate (0.3 M, pH 6.3), and separated on a Bio-Gel P-
100 column (~20 ml, 0.5 cm diameter).  Fractions (1 ml) were collected at 
6ºC at ~4 ml/h.  First, no additive or protectant was added to the column (a).  
Next, PL (1 ml, 0.1%) was passed through the column to coat the beads, 
before ASP was fractionated (b).  One bed volume of BSA (1%) was passed 
through the column before ASP (mixed with 1% BSA) was applied and eluted 
(c).  Finally, one bed volume of 1% BSA + 0.05% Triton X-100 was passed 
through the column before ASP (in 1% BSA, and 0.05% Triton X-100) was 
applied and eluted (d).  Each fraction was assayed for activity as in Figure 
3.1.4.  The kav of the MXE activity peaks was 0.64–0.73. 
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3.1.4  Ion-Exchange Chromatography (IEC) 
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3.1.4.1  Cation exchange 
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Table 3.1.5  Activity eluted from cation-exchange columns 

 
Resins were prepared by washing in 1 M NaCl twice, followed by formate 
buffer (10 mM, pH 3.7).  Columns were packed to 1 ml bed volume.  ASP 
from Table 3.1.3 was dialysed in formate (10 mM, pH 3.7) overnight, then 
centrifuged at 6ºC.  A portion of the dialysate (200 µl) was applied to the 
column and followed with 1.8 ml formate (10 mM, pH 3.7).  This fraction was 
termed flow-through (FT).  Bound proteins were eluted with phosphate (10 
mM, pH 7.0) in NaCl (1 M), and called eluant (E).  a) The dialysed extract (2 
µl) was simply mixed with the FT or E buffer (18 µl) and assayed in 
[3H]XXXGol (1 kBq) and MLG or XyG (0.32%) for 0-120 min (n=4).  b) FT and 
E fractions from the columns were assayed (20 µl) with substrates as in (a).  
c) The activity rate for each fraction was calculated as a proportion of the 
theoretical maximum rate to account for buffer effects.   
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a) Control rate (cpm / min)
Buffer MXE XET

FT (form., pH 3.7) 3.37 1.46
E (phos. + NaCl pH 7.0) 6.29 2.63

b) Fraction rate (cpm / min)

Fraction MXE XET MXE XET MXE XET MXE XET
FT 0 0 0 0 4.59 3.19 1.21 0.81

E 3.17 1.54 0 0 0.76 0.90 2.08 1.44

c) Rate / control rate

Fraction MXE XET MXE XET MXE XET MXE XET
FT 0 0 0 0 1.36 2.18 0.36 0.55

E 0.50 0.59 0 0 0.12 0.34 0.33 0.55

CMCCMSSPSSES

CMCCMSSPSSES
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3.1.4.2  Anion exchange 
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Table 3.1.6  Activity eluted from anion-exchange columns 

 
The resins were prepared by washing in 1 M NaCl, followed by Tris HCl (10 
mM, pH 8.1).  The beads were packed in 1-ml columns and washed with 
more buffer.  ASP from Table 3.1.3 was dialysed in Tris (10 mM, pH 8.1, HCl) 
overnight, then centrifuged at 6ºC.  The chromatography proceeded as in 
Table 3.1.5, but the FT buffer was Tris (10 mM, pH 8.1), and the E buffer was 
pyridine (10 mM, pH 5.0, HCl) + NaCl (1 M).  a) The dialysed extract (2 µl) 
was mixed with the FT or E buffer (18 µl) and assayed in [3H]XXXGol (1 kBq) 
and MLG or XyG (0.32%) from 0–120 min (n=4).  b) FT and E fractions were 
assayed (20 µl) with substrates as in (a).  c) The activity rate for each fraction 
was calculated as a proportion of the theoretical maximum rate to account for 
buffer effects. 
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3.1.4.3  SES IEC, salt or pH change 
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a) Control rate (cpm / min)
Buffer MXE XET

FT (Tris pH 8.1) 5.96 3.72
E (pyr. + NaCl pH 5.0) 15.7 6.35

b) Fraction rate (cpm / min)

Fraction MXE XET MXE XET
FT 0 0 0 0

E 0.37 0.23 5.29 2.65

c) Rate / control rate

Fraction MXE XET MXE XET
FT 0 0 0 0

E 0.02 0.04 0.34 0.42

DowexQAES

DowexQAES
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Table 3.1.7  Activity in fractions eluted with salt or pH change 

 
SES columns (1 ml) were prepared as in Section 3.1.6.2, and 200 µl of 
dialysed ASP from Table 3.1.3 (in 10 mM formate, pH 3.7) was applied to 
each column.  Fractions (2 ml) were collected at 6ºC.  Formate (10 mM) 
buffered at pH 3.7, while citrate (10 mM) was used at higher pHs.  Activity in 
each fraction was assayed once for 3 h in citrate buffer (70 mM, pH 6.3), 0.5 
M NaCl, [3H]XXXGol (1 kBq, 0.25 µM), and MLG or XyG (0.24%).   
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3.1.4.4  SES IEC, narrow pH change with Triton X-100 
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a) b)

NaCl MXE XET NaCl MXE XET
Fraction pH (M) Fraction pH (M)

1 3.7 0.0 2 -2 1 3.7 0.0 -3 -5
2 3.7 0.1 126 89 2 5.0 0.0 208 164
3 3.7 0.3 35 32 3 6.0 0.0 97 81
4 3.7 1.0 9 14 4 7.0 0.0 24 33
5 5.0 1.0 -2 0 5 7.0 0.1 6 20
6 6.0 1.0 -1 4 6 7.0 0.3 -3 -2
7 7.0 1.0 0 1 7 7.0 1.0 -5 -6

Activity

(cpm of product)

Fraction conditionsFraction conditions Activity

(cpm of product)
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Figure 3.1.8  Histogram of activity elution from SES IEC in narrow-range 
pH 
Dialysed ASP from Table 3.1.3 (in 10 mM formate + 10 mM citrate, pH 3.7) 
was applied to each column.  Fractions (2 ml) with were collected at 6ºC.  
Enzymes were eluted with a) citrate + formate buffer (10 mM each) or b) with 
the same buffer and Triton X-100 (0.05%).  Fractions (20 µl) were assayed 
for 3 h in citrate buffer (75 mM, pH 6.3), [3H]XXXGol (1 kBq), and MLG or 
XyG (0.24%).  
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3.1.5  Concanavalin A (ConA) 
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Figure 3.1.9  ConA fractionation of ASP 
A 1-ml column was packed and washed in NaCl (1 M) + CaCl2 + MnCl2 + 
MgCl2 (5 mM each).  ASP from Table 3.1.3 was diluted 1:5 to reduce the 
buffer concentration to 50 mM citrate (pH 6.3) and applied to the column.  
ASP (0.86 ml) was followed by buffer (4.14 ml).  Fractions (0.5 ml) were 
collected.  An increasing concentration of methyl-�-mannopyranoside (5, 25, 
125, 625 mM) in buffer was added (5 ml, except 10 ml of 625 mM) to elute 
proteins.  Activity was assayed by incubating each fraction (20 µl) in 
[3H]XXXGol (1 kBq) with XyG or MLG (0.32%) for 2 h. 
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3.1.6  Three successive columns 
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Figure 3.1.10  Batch elution of MXE and XET activity from SES 
ASP from Table 3.1.3 was dialysed for 16 h at 6ºC (citrate + formate, 10 mM 
each, pH 3.7) and centrifuged to removed precipitates.  Fractions (2.5 ml) 
were collected at 6ºC.  Dialysate (5 ml) was applied to the column, followed 
by 10 ml portions of buffer with 0.05% Triton X-100.  Activity was assayed by 
incubating 20 µl of each fraction in citrate (75 mM, pH 6.3), [3H]XXXGol (1 
kBq), and MLG or XyG (0.24%) for 3 h.  Protein was measured by the 
Bradford assay.  Data displayed as activity with pH (a), protein with pH (b), or 
activity with protein (c). 
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Figure 3.1.11  Batch elution of MXE and XET from Bio-Gel P-100 
The 100-ml Bio-Gel P-100 column was equilibrated in citrate (0.3 M, pH 6.3) 
and BSA (1%) and Triton X-100 (0.05%) at 6ºC.  Fractions (1.8 ml) were 
collected at 4.4 ml/h.  Activity was assayed for 3 h in [3H]XXXGol (1 kBq) and 
MLG or XyG (0.32%).  SA could not be determined due to the large amounts 
of BSA in the eluant.  Void and included volumes are estimated from 
calibration prior to the run.  kav = 0.79 
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Figure 3.1.12  Batch elution of MXE and XET from Con A 
Fractions 41-44 (1.7 ml each) from Figure 3.1.11 were combined with MgCl2, 
MnCl2, and CaCl2 (each 1 mM), and applied to the column.  Citrate buffer 
(0.3 M, pH 6.3) with MgCl2, MnCl2, and CaCl2 (1 mM each) was applied to 
wash out any non-glycoproteins, including BSA.  As fractions were eluting, 
their A280 was measured.  When A280 was consistently low, the buffer was 
changed to citrate (0.3 M, pH 6.3) with MgCl2, MnCl2, CaCl2 (1 mM each), 
and methyl-�-mannopyranoside (5 mM).  The eluant was changed again 
when there was no more detectable protein eluting from the column.  The 
final buffer consisted of citrate (0.3M, pH 6.3), methyl-�-mannopyranoside 
(0.6 M), and Triton (0.05%).  Downward triangles denote a change in eluant.  
Fractions (1 ml for first two eluants, 0.25 ml for the last eluant) were collected 
at 6ºC.  Activity was assayed by incubating each fraction (20 µl) with 
[3H]XXXGol (1 kBq) and XyG or MLG (0.32%).  A portion of the original 
sample (2 µl) was also tested in each eluant (18 µl) to determine the effects 
of the additives on the rate.  Activity was adjusted to reflect the rate without 
inhibition.   
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Figure 3.1.13  SDS-PAGE of fractions from 3 columns 
SDS-PAGE gels (12% acrylamide) were electrophoresed until bromophenol 
blue reached the bottom of the gel.  The gels were stained with silver nitrate.   
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Table 3.1.8  Summary of purification by 3 columns 
 
SA (product formed (cpm) min-1 µg-1) values 
calculated from:  Table 3.1.3 (ASP), Figure 3.1.10 
fractions 12 & 13 (SES IEC), and Figure 3.1.12 
fraction 21.00 (ConA). 
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3.1.7  Rotofor 
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3.1.7.1  Rotofor Marker Separation 
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Figure 3.1.14  Rotofor isoelectric focusing of pI standards 
The Rotofor Cell was electrophoresed at 10W constant power until the 
voltage stabilized, and fractions from the cell were collected into culture 
tubes.  (a) Coloured markers  were focused into a few fractions 
(phycocyanin, blue, fractions 3-4, pI 4.7; hemoglobin, orange, fractions 10-
14, pI ~7.2; cytochrome C, pink, fractions 19-20, pI 9.6) based on their pI.  (b) 
The pH of the fractions increased roughly linearly.  
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3.1.7.2  Broad Range pH 
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a)      b) 

c)        d) 

 
Figure 3.1.15  Rotofor separation of ASP over broad range pH 
ASP from Table 3.1.3 was dialysed against formate buffer (10 mM, pH 3.7, 
16 h) prior to electrophoresis.  The dialysate (1 ml) was centrifuged at 6ºC to 
remove precipitants, then separated by IEF with BioLyte ampholytes pH 3–10 
(a).  Activity was assayed by incubating the fraction (20 µl) with citrate buffer 
(0.188 M, pH 6.3, to overwhelm the ampholytes’ buffering effects), 
[3H]XXXGol (1 kBq), and MLG or XyG (0.12%).  The most active fractions (2-
5) were pooled and separated a second time with the ampholytes present in 
those fractions (b).  Triton X-100 (0.05%) was also included to maintain 
solubility.  Fractions 1–8 from the first separation (c) and fractions 1–8 of the 
second separation (d) were also assayed by SDS-PAGE to monitor the 
purification of possible proteins of interest.  L, ladder; A, ASP; D, dialysate. 
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3.1.7.3  Rotofor separation of MXE and XTH 
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Figure 3.1.16  Separation of young stem MXE and XET over broad range 
pH 
Equisetum extracts from shoots harvested in May were dialysed against 
succinate buffer (10 mM, pH 5.5).  The dialysate was mixed with Bio-Lyte 
ampholytes (pH 3–10) and separated by Rotofor IEF.  Activity was assayed 
by incubating the fraction (20 µl) with enough buffer to overwhelm the 
ampholyte buffer effects, either citrate buffer (0.188 M, pH 6.3) or succinate 
buffer (0.188 M, pH 5.5), [3H]XXXGol (1 kBq), and MLG or XyG (0.12%).   
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3.1.7.4  Acceptor specificity of Equisetum MXE and XTH 
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Figure 3.1.17  Acceptor substrate specificities of Rotofor separated 
MXE and XTH 
Activity was tested by incubating fractions 2, 11, 13, or 15 (20 µl) from Figure 
3.1.16 with succinate buffer (0.2 M, pH 5.5), acceptor substrate, and MLG (a) 
or XyG (b) (0.11%) for 3 h.  Results presented as product formed (cpm) per 
acceptor substrate (kcpm) supplied.  Citrate buffer (0.2 M, pH 6.3) was also 
tested, with similar results. 
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3.1.7.5  Bulk preparation of MXE 
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Figure 3.1.18  Bulk preparation of MXE 
ASP (4.5 ml) from Table 3.1.3 was dialysed against 5 L of formate (10 mM, 
pH 3.7).  The centrifuged dialysate was mixed with Servalyte (pH 3-5) 
ampholytes and Triton X-100 (0.05%).  Activity of IEF fractions were 
measured by incubating each fraction (20 µl) in citrate (0.188 M, pH 6.3) with 
[3H]XXXGol (1 kBq) and MLG or XyG (0.12%) for 3 h.   
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3.1.8  Mass spectrometry 
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Figure 3.1.19  SDS–PAGE of bulk Rotofor-purified MXE 
Protein ladders (L, Sigma prod. no. SDS7) flank two lanes of fraction 9 from 
Figure 3.1.21 (F).  The gel was stained with GelCode Blue Stain (Pierce).  
The one major band in lane F was excised and stored at –20ºC. 
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3.1.8.1  MALDI–TOF MS 
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Figure 3.1.20  MXE MALDI–TOF spectrum 
Rotofor-purified MXE was excised from a 12% SDS–PAGE gel and digested 
with trypsin.  The figure shows masses of peptide fragments which were 
detected by the mass spectrometer, with some of the peaks’ masses 
labelled. 
 

 
Figure 3.1.21  Replicate MXE MALDI–TOF spectrum 
Data were collected as in Figure 3.1.20.   
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3.1.8.2  Liquid chromatography–mass spectrometry (LC–MS) 
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100716_l1_01_SF_KM_rot9_4ul #4785 RT: 32.86 AV: 1 NL: 1.15E3
T: ITMS + c NSI d Full ms2 713.09@cid35.00 [185.00-1440.00]
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Figure 3.1.22  Example of MS/MS spectra and predicted sequence of the 
peptide  
Data were collected and analysed by Xcalibur software, then aligned with 
known protein sequences to produce the possible amino acid sequence of 
the fragment.  Masses highlighted in red indicate that a fragment was found 
that matches the predicted mass for a known peptide sequence.  The 
headings of the tables indicate how the peptide has been fragmented.  
Fragments which contain the original peptide’s N-terminus are labelled b-
ions, and the fragments containing the original C-terminus are y-ions.  a-ions 
contain the original N-terminus but have also lost a side-chain.  If a 
fragment’s y ion breaks a second time on a side chain, its termed a y*-ion.  
The symbol ‘++’ is a prediction of the mass/charge ratio (m/z) of a doubly 
charged fragment. 
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3.2  Functional Analysis and Enzymology of MXE 

3.2.1  Donor and Acceptor substrate specificity 

�<��������������	������
�����
���	
���
��"

	���
	������
��������

�
����		���
����
�����
��	���������'����������	������	
��
�������������
�"��

	
���	����"����
������@�����
���	�
!
�
��'���
�����	���
����	����@������

�<���	�����
�������������������������
������������	��
����������	
�������

�	�
!
�
���
�����������8������8��'��H��

����
�
�������		���
����"��������

��������������
���	������<���	���
������
��������
�
�����������	
�������'�

�

3.2.1.1  Lichenan as donor substrate and laminarin as acceptor 
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Table 3.2.1  Transglucosylation rate (cpm / min) with lichenan and 
laminarin 

 
Crude Equisetum extract was incubated for 0–180 min (7 time points) in 
succinate buffer (0.1 M, pH 5.5), donor substrate (0.17%), and acceptor 
substrate (1 kBq per time point).  Rate expressed as cpm of product per min 
of reaction, ± SE of the gradient. 
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Donor substrate

Tamarind xyloglucan 4.23 ± 0.09 0.006 ± 0.0075
Barley MLG 3.51 ± 0.17 0.028 ± 0.008

Lichenan 0.046 ± 0.005 0.011 ± 0.006
None added 0.014 ± 0.007 0.015 ± 0.009

XXXGol Laminaritetraitol
Rate with acceptor substrate of:
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3.2.1.2  Laminarin as a donor substrate 
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Table 3.2.2  Transglucosylation rate with laminarin as a donor substrate 
 
ASP as described in Table 3.1.1 was incubated 
with citrate (40 mM, pH 6.3), donor substrate 
(0.32%), and [3H]XXXGol (1 kBq) for 0–120 min 
(n=7).  Products analysed by PC method.  ± SE of 

the curve reported. 

Donor
XyG 6.94 ± 0.59
MLG 10.5 ± 0.33

Laminarin -0.023 ± 0.033

Rate (cpm / min)
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3.2.1.3  Mannan or glucomannan as donor substrates 
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Table 3.2.3  Transglycosylation rate with mannan or glucomannan as 
donor substrates 

 
Mannan was solubilized as per 
manufacturer’s instructions in 2.5 M NaOH, 
followed by neutralization with HOAc.  
Mannan precipitated again in a few hours.  
ASP as described in Table 3.1.3 was 

incubated with citrate (0.2 M, pH 6.3), donor substrate (0.32%), and 
[3H]XXXGol (1 kBq) for 0–209 min (4 time points, * 1 time point).  Products 
were analysed by the PC method.  ± SE of the curve reported. 
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Donor
XyG *10.4
MLG *21.5

Mannan 0.0085 ± 0.0213
Glucomannan 0.159 ± 0.009

Rate (cpm / min)
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3.2.1.4  Acceptor specificity with MLG as the donor 

������������
��	��������@���������	�������	���25��
�8�5��"�����
����@����

�
�����
��"�����	
�
	��
���
��	
�"
���

�'�������85F�����
��������	���


�
�
��		���
�����������������
�������
��������
�
����(����
����25��������

�
�
����"����������"���D'#':�'��2������85F�����������
����
���


�
�
��		���
�����
�����"�	&"
���
���
�����G��5G��
��%#����	
������
������5%#�'��

�
����		���
����"�����������������	����
���KD+L-�1+D���<	����88)5����
	��

	
���
����D+�
��
�����	
������
���'���

� �����
�,85F��		���
����"�������������������
������	���
�����

����	������������"
�����������
����
��"����
����������	
�����

�'������85F��



 116 

�����������������"����
�"������������
�����
�����������������'��8885
����
���

��������������"���
����"��
���

������������
��
������"����������������
����

Table 3.2.4  XGO and other glycan acceptor substrates for MXE 

 
Various acceptor substrates were incubated with ASP from Table 3.1.2 in 
citrate buffer (0.1 M, pH 6.3) and MLG (0.33%) for 0–180 min (n=5–7), ± SE 
of the curve.   
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3.2.1.5  Oligo-glucan acceptor substrates of partially purified MXE 
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Rate ± SE substrate % of total
Acceptor added (cpm) produced per h

XXXGol 10.3 ± 0.3 2264 27.3%

XXLGol 13.8 ± 0.4 5274 15.7%

XLLGol 1.66 ± 0.11 2631 3.8%

XXFG 1.40 ± 0.06 2421 3.5%
G8 XGO 3.59 ± 0.11 2068 10.4%

G12 XGO 1.83 ± 0.23 3347 3.3%

GalA5-ol 0.00 ± 0.02 1822 0.0%

Gal7-ol 0.00 ± 0.01 5277 0.0%

Ara9-ol 0.00 ± 0.02 3301 0.0%

(cpm / min)
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Table 3.2.5  Oligo-glucan acceptor substrates of MXE 

 
Substrates were prepared by [3H]NaBH3 reduction.  Parentheses indicate 
DP.  MLG with DP 7–10 was made by partial digestion with lichenase, while 
MLG 7–8 was made by partial digestion with cellulase.  Rotofor-purified 
enzyme (fraction 8 from Figure 3.1.18) with 0.2% BSA was dialysed against 
citrate (10 mM, pH 6.3) for 19 h.  The dialysate was incubated with the 
acceptor substrate indicated (2 kBq per 30 µl) and donor substrate (0.33%) 
for 3.1 h.  The reactions were stopped with FA (5 µl) and applied to a TLC 
plate, which was developed 6 times in 70% Ethanol to remove unused 
acceptor substrate.  The origins containing the polysaccharide 
transglucosylation product were excised and scintillation counted.  Replicate 
mixtures with no donor substrate were applied to another TLC plate and 
developed in PBAW 1:1:1:1 to assay for degradation of the acceptors. 
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Donor MLGO (7–10) MLGO (7–8) LamO (4) CellO (6) XXXG
MLG 196 280 -2 298 2329
XyG 43 104 -12 49 1239

Donor MLGO (7–10) MLGO (7–8) LamO (4) CellO (6) XXXG
MLG 8.4 12 - 13 100
XyG 3.5 8.4 - 4.0 100

cpm of product formed with reduced acceptor of:

Relative product as % of XXXG
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3.2.2  Investigation of the newly formed bond 

 
Figure 3.2.1  Schematic of the MXE–XGO digestion 
The radioactive glucitol of the DP 14 substrate is underlined. 
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Figure 3.2.2  TLC histogram of digested MLG–DP 14 products 
XXXGXXXG (Megazyme, Inc.) was tritiated with [3H]NaBH3, then 0.1 MBq 
was incubated with XyG or MLG (0.15%) and crude Equisetum extract (91 
mM succinate, pH 5.5) overnight.  The products were precipitated in 75% 
Ethanol and ammonium formate (1.5%) and washed free of unused acceptor 
substrate.  They were redissolved in water (0.1%) and digested with XEG 
(0.002%), lichenase (2 U/ml), or with both simultaneously.  The digestion 
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products were analysed by TLC, followed by cutting of segments and 
scintillation counting.  a) Markers were in adjacent lanes.  For description of 
GGXXXGol synthesis, refer to Figure 3.3.3.  b) XET product was undigested, 
or digested with XEG. c) MXE product was undigested, or digested with 
XEG, lichenase (LIC), or both (XEG+LIC). 
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3.2.3  MXE reaction kinetics 
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Figure 3.2.3  MXE 
reaction kinetics 
Crude Equisetum extract 
was incubated in 
succinate buffer (0.1 M, 
pH 5.5), MLG (varied 
concentrations), and 
[3H]XXXGol (1 kBq, plus 
non-radioactive XXXGol) 
for 0–3 h.  Each data 
point represents the 
average rate over 4 time 
points.  Above, ± SE of 
the curve reported.   
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3.2.4  Inhibitors of MXE 
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3.2.4.1  Gluconolactone 
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Figure 3.2.4  Inhibition of MXE by gluconolactone 
Dried gluconolactone was redissolved in crude enzyme extract (0.1 M 
succinate, pH 5.5), MLG (0.17%), and XXXGol (1 kBq) and assayed for 0–
180 min (n=7 time points).  ± SE of the curve shown. 
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Figure 3.2.5  Inhibition of XET and MXE by cellobiose 
Activity assayed as in Figure 3.2.1.  ± SE of the curve reported. 
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3.2.5  pH optimum of MXE 
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Figure 3.2.6  pH optimum of MXE and XET activity from crude extracts 
MXE and XET were assayed twice per pH (average shown) in the presence 
of buffer (295 mM), MLG or XyG (0.1%), and XXXGol (1 kBq) for 30 min.   
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3.2.6  pI of MXE 

 
Figure 3.2.7  pI of MXE focused in two ampholyte ranges 
Dialysed (in formate, 10 mM, pH 3.7) ASP was Rotofor separated in 
ampholytes with (a) pH 3–5 or (b) pH 2–4.  Triton X-100 (0.05%) was 
included to improve the recovery of protein.  Activity was assayed by 
incubating each fraction (20 µl) with citrate buffer (188 mM, pH 6.3), MLG or 
XyG (0.12%), and XXXGol (1 kBq) for 3 h.   
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3.2.7  Presence of MXE in lycopodiophytes 
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Table 3.2.5  MXE activity in lycopodiophytes 

 
Proteins were extracted and assayed in succinate buffer (pH 5.5) for XET 
activity (with XyG), MXE activity (with MLG), or for ‘background’ (with no 
added polysaccharide).  Activity was assayed at seven time points between 0 
and 180 min.  ± SE of the curve reported. 
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Genus

Equisetum 4.45 ± 0.1193 3.53 ± 0.2549 0.0357 ± 0.00665
Holcus 7.03 ± 0.3199 0.0655 ± 0.0124 0.0536 ± 0.0095

Lycopodium 0.118 ± 0.0101 0.0607 ± 0.0064 0.0095 ± 0.0045
Diaphasiastrum 0.206 ± 0.0132 0.0238 ± 0.006 0.0100 ± 0.0056

Rate (cpm / min) with donor substrate of:
XyG MLG None added
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3.3  Action of MXE in Equisetum tissues 
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3.3.1  Equisetum tissue culture and plant growth 
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3.3.1.1  XyG and MLG in culture cells 
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Figure 3.3.1  TLC of digested culture XyG and MLG 
Pestle and mortar-ground AIR (20 mg) of culture cells or stem was incubated 
with XEG (0.004%), lichenase (0.008 U), or buffer only (PyAW 1:1:98 + 0.5% 
CB) overnight.  A portion (40%) of the supernatant was concentrated and 
developed on TLC with BAW twice, then stained with thymol.  Cultures grown 
on supplemented silica are indicated with an ‘s’ following their label. 
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3.3.1.2  Transglucosylation activity of culture cells 
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Figure 3.3.2  XET and MXE of culture cells 
Proteins were extracted and assayed in citrate buffer (pH 6.3) for XET activity 
(with XyG, 0.32%), MXE activity (with MLG, 0.32%), or for ‘background’ (with 
no added polysaccharide).  The reaction was assayed between 0 and 120 
min, ±SE of the curve reported, n=7.  *MXE rate was statistically above 
background at 95% confidence interval. 
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3.3.1.3  E. fluviatile glasshouse growth  
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Table 3.3.1  Attempt to grow E. fluviatile in controlled conditions 
 

 
�

3.3.2  Ex vivo:  Extraction of transglucosylation products formed from 

endogenous enzymes and donor substrates 

�

3.3.2.1  Characterization of  MXE product 

Experiment description Results
Shoots and rhizomes, including new buds, Maintenance of shoots, but no new
were cut and placed in trays with pond growth.
water or autoclaved pond water.

Rhizomes cut and stored at 6°C in pond No growth before fungal contamination.
water, then surface sterilized with 75%
EtOH.  Rhizomes were cut to contain 1-2 
nodes and fit in small jars containing sterile
nutrients, some jars contained 0.8% agar.

Rhizomes cut mid-Jan, stored at 6°C, Rhizomes in the pond water all grew
surrounded by damp paper.  End of March, new shoots and rhizomes sooner than
~10 cm sections were placed in peat-free in tap water.  Soil was the best medium
soil, under small stones, or nothing, with for new growth.  However, the natural
pond or tap water.  Placed in a glasshouse cycle of dormancy and growth was
under natural light and fixed 19-21°C. unchanged from natural conditions.

Rhizomes cut mid-winter, stored at 6°C, Rhizomes grew new shoots and
under sand.  Mid-summer, ~30 cm rhizomes within 1 week.  The new
sections were placed in a tray of peat-free shoots were monitored to ensure 
soil in pond water.  Placed in a glasshouse continued growth.  These shoots were
under natural light and fixed 19-21°C. used in Section 3.3.3.2.
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Figure 3.3.3  Digested MXE marker 
MXE and XET products were made by incubating crude Equisetum or Holcus 
lanatus extracts with MLG or XyG (0.2%), respectively, and [3H]XXXGol (0.1 
MBq).  The products were precipitated with ammonium formate (0.2 g) in 
ethanol (75%) and  washed free of oligosaccharide.  The product was 
redissolved in water, and portions were digested with lichenase or XEG.  The 
digestion products were analysed by TLC, developed in BAW thrice, and 
fluorographed. Lichenase digestion (LIC) of MXE product results in a larger 
oligosaccharide, indicated by the arrow, than the acceptor substrate, 
XXXGol, alone.   
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3.3.2.2  Ex vivo transglucosylation products of barley and Equisetum 
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Figure 3.3.4  TLC fluorogram of ex vivo MXE and XET products from 
Equisetum and barley 
(Figure 3.3.4 caption)  Barley (Hordeum vulgare) was grown in shelter under 
natural light for 12 weeks.  Cross-sections of Equisetum fluviatile stems (a) 
(grown outdoor in natural conditions), barley stems with sheath (b), and leaf 
blades (c) were cut by hand with a razor blade.  Three replicates of slices (50 
mg) were immediately mixed with 0.1 MBq/ml [3H]XXXGol in 250 µl of water 
and incubated overnight at room temperature.  AIR of the tissues was 
prepared and homogenized.  The residue was incubated in NaOH (6 M, 
37ºC, 16 h) to extract hemicelluloses.  The remaining solids were washed 
twice in water (2 ml) and pooled with the NaOH supernatant, followed by 
neutralization and dialysis to remove unreacted [3H]XXXGol and salts.  The 
dried dialysate was weighed and redissolved to 0.5% in water.  A portion (0.2 
mg) was incubated with buffer only, lichenase (LIC), or XEG.  The products 
of digestion were concentrated and analysed by TLC (developed in BAW 
twice) and fluorography. 
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3.3.2.3  Quantification of Equisetum ex vivo products 
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Table 3.3.2  Quantitative TLC analysis of MXE and XET from various 
Equisetum tissues 

 
Hemicellulose was extracted from AIR of XXXGol-fed tissues and digested 
with XEG, lichenase, or with nothing.  The amount of radioactive product 
which co-migrated with the marker (XXXGol for XET product, GGXXXGol for 
MXE product, or remained at the origin when undigested) after digestion (or 
not) is reported as the percent of the total radioactivity in the lane.  Tissues 
are listed in order of youngest to oldest.  ±SD, n=3. 
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Tissue

callus culture 91 ± 3 2 ± 2 79 ± 8 249 ± 129
intercalary meristem 89 ± 4 2 ± 2 98 ± 2 201 ± 17
immature green leaf 62 ± 10 41 ± 9 90 ± 3 345 ± 59
mature green stem 29 ± 7 64 ± 3 100 ± 5 131 ± 16

brown over-wintered stem 26 ± 5 60 ± 6 94 ± 4 163 ± 55
brown over-wintered leaf 15 ± 4 79 ± 6 97 ± 2 116 ± 14

with the marker indicated¹ after digestion 
cpm

none²
origin¹

none²
origin¹

lichenase²
GGXXXGol¹

XEG²
XXXGol¹

with the glucanase indicated²

Portion (%) of radioactivity detected co-migrating
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3.3.3  Localization of transglucosylation activity 

3.3.3.1  Transglucosylation localization using sulforhodamine-labelled 

XXXGol (XXXG-SR) 
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�

 
Figure 3.3.5  Localization of transglucosylation products in Equisetum 
Mature green stems and intercalary meristems were harvested from 
glasshouse-grown shoots (described in Table 3.3.2), and over-wintered stem 
tissues were collected from outdoor-grown plants.  E. fluviatile expanding 
intercalary meristems (a, b), over-wintered brown stems (c, d), and mature 
green stems (e, f) were cut by hand and incubated in XXXG-SR (8 µM) 
overnight (b, d, f), followed by washing in Ethanol (75%).  Replicate sections 
were incubated in water and stained with toluidine blue (a, c, e).  Tissues 
sections were embedded in resin, sliced with a microtome, and photographed 
using a Lieca fluorescent microscope.  Scale bars equal 100 �m in a, b; 200 
�m in c, d, e, f.  Abbreviations:  vb, vascular bundle; ep, epidermis; sc, 
sclerenchyma; cc, carinal canal; pc, parenchyma; ce, central canal; vc, 
vallecular canal; st stoma; me, mesophyll. 
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3.3.3.2  Differentiation between MXE and XET in tissue sections 
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Table 3.3.3  Hemicellulose monitoring of digested sections 

 
E. fluviatile stems were sectioned as thin as possible by hand with a razor 
blade.  The sections were incubated in XXXG-SR (10 µM), then washed free 
of unused reactant.  Sections were incubated for ~10 h in either XEG 
(0.01%), or lichenase (10 U/ml), or in buffer only.  The enzymes were 
denatured and oligosaccharides were washed out in excess 75% Ethanol, 
followed by 80% acetone.  Some of the sections incubated in glucanases 
were ground and incubated in 6 M NaOH to extract remaining 
hemicelluloses.  Extracts were dialysed, digested with either lichenase or 
XEG, dried, and analysed by TLC. 
 

 

Section Hemicellulose extracted Expected Actual
incubated in: then digested in: TLC results: TLC results:

lichenase lichenase No bands No bands
lichenase XEG XGOs XGOs

XEG lichenase MLGOs MLGOs
XEG XEG No bands XGOs
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3.4  Cellulose as a donor substrate for MXE 
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3.4.1  Test papers impregnated with XXXG–SR 
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a)          b) 
 

Control paper 
 

MXE paper 
 

XET paper 
 

Figure 3.4.1  Dot blot paper 
a)  Three test paper strips were loaded (3 µl each, 8 spots) with a 2-fold 
dilution series of ASP enzyme (Table 3.1.3) in citrate (0.3 M, pH 6.3).  The 
strips were incubated in humid conditions for 1 h, then dried at room 
temperature.  The strips were washed in EFW and photographed.  b)  The 
strips were washed in 6 M NaOH at 37ºC overnight, rinsed in water, dried, 
and photographed again.  The papers shrank in size during the wash.  Red 
circles show the remaining firmly bound endotransglucosylase product. 
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3.4.2  Whatman 1CHR paper analysis 
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Figure 3.4.2  PC analysis of paper saccharides 
Whatman 1CHR was washed in 6 M NaOH at 37ºC overnight.  The 
supernatant was removed and dialysed (5 ml).  The remaining solids were 
washed in excess 0.5% CB, and some was kept aside.  Most was washed 
again in 6 M NaOH + 4% boric acid at 37ºC overnight.  The supernatant was 
removed and dialysed (5 ml).  The remnants were washed in 0.5% CB many 
times.  The original paper (1), the first supernatant (2), the intermediate solids 
(3), the second supernatant (4), and the final solids (5) were subjected to 
TFA hydrolysis (2 M, 120ºC, 1 h) or Driselase digestion (0.5%, 24 h, stopped 
by incubation at 100ºC for 5 min).  The concentrated hydrolysates (from 1 ml 
of dialysates, 0.2 ml of the TFA-hydrolysed solids, or 0.1 ml of the Driselase-
digested solids) were developed on Whatman 3MM paper in EPW and 
stained with silver nitrate.  Uncommon abbreviations:  IP, isoprimeverose; 
Cell2, cellobiose. 
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3.4.3  Potential cellulose : xyloglucan endotransglucosylase (CXE) 

radioactive assays 
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3.4.3.1  Natural cellulose as donor 
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Figure 3.4.3  Natural cellulose as donor for CXE 
AIR was prepared from mature E. fluviatile shoots and a mixture of cell 
culture tissue, harvested at the end of the subculturing cycle.  A portion of the 
AIR was incubated in 6 M NaOH at 37ºC overnight, then washed in water to 
remove the salt, lyophilized, and stored.  Each substrate (10 mg) was 
rehydrated overnight, and excess liquid was removed prior to assay.  The 
solid substrate was mixed with [3H]XXXGol (2 kBq), ASP (2 µl, from Table 
3.1.3), and citrate buffer (0.3 M, pH 6.3, 97 µl).  After 2 h, the reaction was 
stopped with FA (30 µl), and the solids were washed in water until void of 3H.  
The solids (in 1 ml water) were transferred to scintillation vials and incubated 
with scintillant overnight before 3H testing.  Each sample tested in triplicate, 
+SD shown.  * n=1. 
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Figure 3.4.4  NaOH + borate extraction of natural substrates for CXE 
Samples from Figure 3.4.3 which contained significant levels of radioactivity 
were recovered from the scintillant by washing in acetone.  The samples 
were incubated in 6 M NaOH + 4% H3BO3 at room temperature overnight.  
The supernatant was separated from the solids, and both were neutralized 
with HOAc, then assayed for radioactivity.  Each sample tested in triplicate, 
+SD shown.  * n=1. 
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3.4.3.2  Analysis of the extractable material from CXE product 
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Figure 3.4.4  GPC of material solubilized from CXE product 
A disc of Whatman 1CHR was incubated in 6 M NaOH overnight at 37ºC, 
then washed in distilled water and dried.  CXE product was made by 
incubating this paper in [3H]XXXGol (50 kBq) and ASP (from Table 3.1.3, 85 
µl in 765 µl of 0.3 M citrate, pH 6.3) for 3 h.  The paper was dried in mild 
heat, and washed under running tap-water for 3 d.  A portion of the paper 
(5%) was cut out and scintillation counted (597 cpm).  The remaining paper 
was incubated in 6 M NaOH + 4% H3BO3 for 24 h.  The supernatant was 
neutralized with HOAc, and measured for radioactivity.  The solid paper was 
stored at –20ºC for further use.  A portion of the supernatant (2 ml of 6 ml 
total) was separated on a Bio-Gel P–2 column (~21 ml bed volume).  
Immediately prior to the run, markers were analysed to determine the void 
volume (      ), the elution of XXXGol (       ), and the included volume (      ).  
Fractions (1 ml) were assayed for radioactivity and conductivity (elution of the 
salts). 
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3.4.3.3  Degradation of [3H]XXXGol in NaOH + borate 
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Figure 3.4.1  GPC and PC of [3H]XXXGol 
[3H]XXXGol (10 kBq) was incubated in 6 M NaOH + 4% H3BO3 at 37ºC 
overnight, then neutralized with HOAc.  One tenth of the solution was placed 
into four scintillation vials, two of which were left to evaporate overnight.  The 
dried solutions’ water was replaced, and all four vials were scintillation 
counted.  a) Another portion was applied to Whatman 3MM PC next to a 
sample of untreated [3H]XXXGol and non-radioactive markers, and 
developed in EAW.  b) Two tenths of the solution was mixed with BD and 
CoCl2 and separated on a ~21 ml-bed volume Bio-Gel P–2 column, and the 
fractions were assayed for 3H.   
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3.4.4  Cellulose and CXE product solubilization and reconstitution 

*������"������
�
������������
	�����
��������"�����������
��
����
���
���

���

���
��	�����
����
	�
�
"�
����=
�������1�������%CCC�'��(�	��Q�������0�

a) PC 

-100

0

100

200

300

400

500

600

700

800

0 5 10 15 20 25 30 35 40
Distance from origin (cm)

R
a

d
io

a
c

ti
v

it
y

 (
c

p
m

) 
/ 

3
 c

m

Marker XXXGol

Incubated XXXGol
gl

uc
os

e

gl
uc

ito
l

b)  Bio-Gel P-2 column

0

100

200

300

400

500

600

5 10 15 20
Fraction

R
a
d

io
a
c
ti

v
it

y
 (

c
p

m
)



 158 

���
	�����
��������"���
����
������	
���	�����
�	�����
��������
�
���"
����

�
��
	�
�
"�
���
���������&��
'��F���	
������������������������
����
	���

���
	�����
�������������������
�
����"��������
������
"���!���

��������	
�����

���
��������'���

� ��
���������
��
��	
��
��
��������KD+L8885
������	
!���������
�&���

�
�	�����
��������
��
��
�!������	�����
�
	���
��	�'��*��	�����
����
	�
�
"�
���

�������	
���
������
����&��
�����
	�����
�����
�����
��
�����"����������

�
��
�����
	�
�
"�
�������
��������
���
��"��'���

Table 3.4.2  Reconstitution of CXE product 

 
CXE product (40 mg, produced as in Figure 3.4.4) was soaked in water for 1 
h, followed by solvent exchange to acetone.  The paper was soaked in 
acetone for 1 h, then exchanged for DMA freed of H2O (over Sigma 
molecular sieve 4Å for 5 d), and rotated for 16 h. The DMA was removed, 
and the CXE product was incubated in dry DMA (4 ml) with 8% (w/v) LiCl for 
16 h.  An additional 4 ml of DMA was then added to reduce viscosity.  The 
solution of cellulose was slowly added to stirring 6 M NaOH (80 ml) through a 
peristaltic pump at the rate of 3.2 ml/h.  The resultant mixture was stirred for 
48 h.  A portion of the mixture was removed and centrifuged.  The 
supernatant was separated from the precipitants; both were neutralized with 
HOAc and scintillation counted.  The cpm of the total supernatant and the 
total precipitates is reported. 
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3.4.5  CXE was an activity of the enzyme MXE 

Table 3.4.3  CXE activity from partially purified MXE 

 
Partially purified (pp) MXE (from Figure 3.1.18, fraction 8, 5 µl), pp XET (from 
Figure 3.1.16, fraction 16, 5 µl), ASP (from Table 3.1.3, 5 µl), or buffer only 
(0.3 M citrate, pH 6.3) was incubated with [3H]XXXGol (2 kBq), citrate buffer 
(up to 100 µl), and 10 mg of Whatman 1CHR paper (untreated) for 3.3 h.  
The reaction was stopped with FA (30 µl), and unused reactant was washed 
out with water.  The paper (in 5 ml water) was incubated in scintillant and 
assayed for 3H. 
 

Enzyme Product formed (cpm)
pp MXE 1825
pp XET 18

ASP 1217
buffer only 13
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4  Discussion 
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4.1  Characterization of MXE 

4.1.1  Hydrophobicity 
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4.1.2  Glycosylation of MXE 
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4.1.3  Acidity of MXE 
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4.1.4  Lack of stable enzyme–substrate complex 
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4.1.5  MXE, a promiscuous enzyme different from XTH 
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4.2  Functional analysis of MXE 

4.2.1  Summary of MXE activity using various donor and acceptor 

substrates 

�8�������"����
�����	�����
�����25��
��8�5�����
�
����"���������
��������

�		���
����"�����������"���:'#'%�'��6�
����25�������"�������
�
����"�������

�����8�5���
��	��	
����
�
��
���	�
!
����������
���	�����
���������
�
��

��"������������
��
	���'������	
�	������

��
�����
����		���
���
���
���

���

��	������25�
��8�5��	���
��"��	
��������
������
�
����	
�	������

��
����

�
�
��
�������'��*�����
�

�����
�
�����"������
��
��
�����
�
����"���������	��

���	�����
�������	
�������
����
�������
	
��	���������
�
���
���
���

���

����	
��������"
�
����
�����	��38����
��	�'��������
�����8������8����	�
!
���

	���"���
��	����	
��������"���
�����
������	
��������
���38���	�
!
��'�



 169 

Table 4.2.1  Summary of MXE activity using various donor and acceptor 
substrates 

 
� �8�������"����
�������!��
����
���
�
�������		���
����"����������	

�����'��-
�������
��
"���	
�"
���

����������������"������������������
����"��


��
�������'��)
���<��������
���
	���
���������		���
����"��������	���	�����
���

"������	���7��3�����
����������������
����"������
����
�"���"����
�"������	����

�
�8885
�'��3�����
�������8�5������
��	
,�<
���
�������
������
����������������

8�5������
����"������"����"�
���
�������!��	������
������(V������������'��

#$$G�'���
��
"����
�������!�����
����������0������

�
����
����"������	�
!
���

�����	
����������	�����
����
��25�������
�����
	�����
���������������

�(V������������'��#$$G��������������	
��������	�
!
��������"
���
"���!���
��

�����	�����	��������������	������)
�����D'D'E�'�

� ����������8�5�	
���
����������
�������������
�����
	��������
��

��������
�	���
���85F��
���R,2,���"
�
�����
��'���		
��
����
���S�������'�

�#$$G���R,2,���"
�
�����
�����������
�
������
��,	��
��8�5���"��
������
��

��	����
��������������	
��
�����
��;GI�
������85F�'��������
���
��8885��

882598285��8225������88)5�
�����		
�����
��[#$I�
������8�5�����������

Donor XXXGol MLGOs Cello6ol XXLGol XLLGol XXFG
XyG +++ ± ± + +
MLG ++++ + + ++ + +

Cellulose ++
Lichenan ±
Laminarin -
Mannan -

GM ±

Relative reaction rate with the acceptor of:
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4.2.2  Donor and acceptor attached terminus to terminus 
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4.3  MXE action in Equisetum tissues 
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4.3.1  Potential caveat of the ex vivo method 
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4.3.2  CXE activity in ex vivo assays 
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4.3.3  CXE activity in situ 
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4.4  CXE activity 

4.4.1  Summary of evidence for CXE 
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4.4.2  Proposed role of CXE 
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Figure 4.4.1  Potential of activities to covalently link cellulose 
microfibrils  
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4.5  Future studies 

4.5.1  Other activities 
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4.5.2  CXE in plants other than Equisetum 
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4.5.3  Extensibility assays 
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4.5.4  Sequencing MXE 

���������	�
��
���
�����������	
����
������
���"��
�!���
�������������	
������


�����������������'����
���
���
��
���
�����
������
!
���
��
����

���"
�������

���"���
��	���
������������
����8��
��38���	�
!
��������
��
����

���"
���

�����
!��8�+�'��3
����
�
��
����
��
��
����

���
�����23B�(��8��

����������

��������)
�����D'%'##����
�������	
��������������
��������

����
��
"����
�������8����
��
�������&�
�������
����
	���
���
����������

�"
�
����
������
�
�
������<���������������
������������	����	���
@������



 178 

��
��
��
�	�����
�
��'��F���������������
�
�
����<�����

���������
�
	��

��

�
���������"����

�����������
�����	�
!
�
����8�����8���38�����	'��	
�����
��

�����������@���'�

�

4.5.5  Commercial application of the protein 
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Appendix 

Nesselrode BHWA, Frankova, L (2008) Mixed linkage �-

glucan : xyloglucan endotransglucosylase, a novel wall-
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remodelling enzyme form Equisetum (horsetails) and 

charophytic algae. Plant Journal 55: 240-252 
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