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Abstract 16 

Vesicular neurotransmitter transporters (VNTs) mediate the selective uptake and 17 

enrichment of small molecule neurotransmitters into synaptic vesicles (SVs) and are 18 

therefore a major determinant of the synaptic output of specific neurons. To identify 19 

novel VNTs expressed on SVs (thus identifying new neurotransmitters and/or 20 

neuromodulators), we conducted localization profiling of 361 solute carrier (SLC) 21 

transporters tagging with a fluorescent protein in neurons, which revealed 40 possible 22 
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candidates through comparison with a known SV marker. We parallelly performed 23 

proteomics analysis of immunoisolated SVs and identified 7 transporters in overlap. 24 

Ultrastructural analysis further supported that one of the transporters, SLC35D3, 25 

localized to SVs. Finally, by combining metabolite profiling with a radiolabeled 26 

substrate transport assay, we identified UDP-glucose as the principal substrate for 27 

SLC35D3. These results provide new insights into the functional role of SLC 28 

transporters in neurotransmission and improve our understanding of the molecular 29 

diversity of chemical transmitters.  30 

  31 







toward understanding its biological function. However, using the classic radiolabeled 76 

substrate transport assay to deorphanize transporters is a relatively low-throughput 77 

approach, particularly given the virtually unlimited number of chemicals that can be 78 

tested. On the other hand, metabolite profiling using MS is a high-throughput method 79 

for knowing the content metabolites (Chantranupong et al., 2020; Nguyen et al., 2014; 80 

Vu et al., 2017) that can offer insights into candidate substrates. Thus, combining 81 

metabolite profiling together with the radiolabeled substrate transport assay will likely 82 

yield new insights into the molecular function of orphan transporters. 83 

The nucleotide sugar uridine diphosphate glucose (UDP-glucose) plays an 84 

essential role in glycosylation in both the endoplasmic reticulum and the Golgi 85 

apparatus (Moremen et al., 2012). Interestingly, the release of UDP-glucose into the 86 

extracellular space was detected previously using an enzyme-based method 87 

(Lazarowski et al., 2003). Subsequent experiments with 1231N1 cells (an 88 

astrocytoma cell line) showed that the release of UDP-glucose requires both Ca2+ 89 

signaling and the secretory pathway, as the release was inhibited by the Ca2+ chelator 90 

BAPTA and the Golgi apparatus blocker brefeldin A (Kreda et al., 2008).  91 

Nucleotide sugars are transported into subcellular organelles by the SLC35 family, 92 

which contains 31 members, including 20 orphan transporters (Caffaro and 93 

Hirschberg, 2006; Ishida and Kawakita, 2004; Song, 2013). Importantly, the level of 94 

nucleotide sugars released by cells can be manipulated by changing the expression 95 

of SLC35 transporters; for example, knocking out an SLC35 homolog in yeast 96 

decreased the release of UDP-N-acetyl-galactosamine, whereas overexpressing 97 



human SLC35D2 in airway epithelial cells increased UDP-N-acetyl-galactosamine 98 

release (Sesma et al., 2009). However, whether UDP-glucose is transported by a 99 

SLC35 transporter located on secretory organelles is currently unknown. 100 

In this study, we screened 361 SLC members using localization profiling and 101 

identified 40 candidate vesicular transporters. In parallel, we performed proteomics 102 

analyses of immunoisolated SVs from mouse brain samples and found that 7 103 

transporters overlapped, including the orphan SLC35 subfamily transporters 104 

SLC35D3, SLC35F1, and SLC35G2. Further ultrastructural analysis using 105 

APEX2-based EM supported that the SLC35D3 is capable of trafficking to SVs. 106 

Finally, we combined metabolite analysis and the radiolabeled substrate transport 107 

assay in subcellular organelles and identified UDP-glucose as the principal substrate 108 

of SLC35D3. 109 

 110 

Results 111 

Identification of a subset of SLC35 proteins as putative vesicular transporters 112 

using localization screening of SLC transporters 113 

To identify new candidate vesicular transporters, we performed localization screening 114 

of SLC transporters (Figure 1). First, we created a cloning library containing 361 115 

human SLC family members fused in-frame with the red fluorescent protein mCherry; 116 

we then systematically co-expressed individual SLC-mCherry construct with 117 

EGFP-tagged synaptophysin (SYP-EGFP) to label SVs in cultured rat cortical and 118 

hippocampal neurons, revealing the localization of SLC transporters (Figure 1A,B). Of 119 





(Figure 1-figure supplement 1C). The colocalization ratio between SLC35D3 and SYP 142 

(SV marker) was ~60%, which is similar to that in the plasmid transfected neurons 143 

(~70%). Given SYP may also be localized to secretory granules, we 144 

co-immunostained a secretory granule marker Chg A and found that the 145 

colocalization ratio between SLC35D3 and Chg A was ~30%. Taken together, 146 

SLC35D3 with relatively low expression level has a higher possibility to localize to 147 

synaptic vesicles than to secretory granules. 148 

 149 

Proteomics analysis of SVs reveals novel vesicular transporters 150 

To probe the proteome including the vesicular transporters presented in SVs, we 151 

immunoisolated intact SVs from fractionated mouse brain samples and used western 152 

blot analysis and high-performance liquid chromatography (HPLC)-MS to analyze the 153 

proteome (Figure 2A). Using a specific antibody against SYP to isolate SVs, we found 154 

a number of SV markers present in the anti-SYP samples but not in samples obtained 155 

using a control IgG (Figure 2B); as an additional control, the postsynaptic marker 156 

PSD-95 was not detected in either the anti-SYP sample or the control IgG sample in 157 

western blotting. Moreover, using EM we directly observed SVs on the surface of 158 

anti-SYP beads but not control IgG beads (Figure 2C), confirming that the anti-SYP 159 

beads selectively isolate SVs.  160 

Next, we performed HPLC-MS analysis and found high reproducibility among 161 

repeated trials in both the anti-SYP and control IgG samples (Figure 2-figure 162 

supplement 1). We further analyzed the relatively abundant proteins (LFQ 163 



intensity >220, without immunoglobin) that were significantly enriched in the anti-SYP 164 

sample compared to the control sample (Figure 2D). The proteins enriched in the 165 

anti-SYP sample covered more than 60% of the 110 proteins in the SV proteome 166 

listed in the SynGO database (Koopmans et al., 2019), including known VNTs, 167 

vesicular ATPase subunits, and a number of other SV markers (Figure 2D-F). 168 

Conversely, only 8.0% and 2.2% of the proteins in the mitochondrial and Golgi 169 

apparatus proteome, respectively, were present in the anti-SYP sample (Figure 2F), 170 

indicating minimal contamination by these organelles; as an additional control, we 171 

found very little overlap between the proteins in the anti-SYP sample and the entire 172 

mouse proteome in the UniProt database (Bateman et al., 2019).  173 

We then focused on SLC transporters and identified 20 SLC transporters, 174 

including SLC35D3, SLC35F1, and SLC35G2, among the SV-associated proteins 175 

(Supplementary File 2). The abundance of these three transporters was similar to 176 

known VNTs, including VAChT and the monoamine transporter VMAT2 (Figure 2G), 177 

even though VAChT was below the threshold for significance (p>0.05). Comparing 178 

the putative vesicular transporters identified in our localization screen with the SLC 179 

transporters identified in the SV proteome revealed a total of seven transporters 180 

present in both datasets, including the three SLC35 family members (i.e., SLC35D3, 181 

SLC35F1, and SLC35G2) identified above (Figure 2H). The other four transporters 182 

were previously reported to localize to SVs including the choline transporter SLC5A7 183 

(Ferguson et al., 2003; Nakata et al., 2004; Ribeiro et al., 2003), the proline 184 

transporter SLC6A7 (Crump et al., 1999; Renick et al., 1999), the neutral amino acid 185 







UDP-N-acetyl-galactosamine (Ishida et al., 1996; Segawa et al., 2002; Sun-Wada et 230 

al., 1998). Profiling the relative abundance of specific nucleotide sugars in organelles 231 

prepared from control cells and SLC35A2-overexpressing (SLC35A2OE) cells 232 

revealed a >100% increase in the substrate UDP-galactose in SLC35A2OE 233 

organelles (Figure 4F,G and Figure 4-figure supplement 1B). Interestingly, we also 234 

detected 60% higher levels of UDP-glucose in SLC35A2OE cells, indicating a 235 

previously unknown substrate of the SLC35A2 transporter; in contrast, we found that 236 

the SLC35A2 substrate UDP-N-acetyl-galactosamine did not appear to be enriched in 237 

SLC35A2OE cells, possibly due to limitations in separating 238 

UDP-N-acetyl-glucosamine and UDP-N-acetyl-galactosamine in our HPLC-MS setup 239 

(Figure 4F,G). We then used this same strategy to search for substrates of the orphan 240 

vesicular transporter SLC35D3 using SLC35D3-overexpressing (SLC35D3OE) cells 241 

(Figure 4-figure supplement 1A). Our analysis revealed a 40% increase in 242 

UDP-glucose and a 30% increase in CMP-sialic acid in SLC35D3OE organelles 243 

compared to control organelles (Figure 4H,I and Figure 4-figure supplement 1B), 244 

suggesting that these two nucleotide sugars might be substrates of the SLC35D3 245 

transporter. 246 

Metabolite profiling can detect the effects of both direct transport activity and 247 

indirect changes in the abundance of metabolites due to the overexpression of 248 

transporters; thus, we also conducted an uptake assay with radiolabeled nucleotide 249 

sugars in order to measure the transport activity (Figure 5A). We found that cells 250 

expressing the SLC35A2 transporter had significantly increased uptake of both the 251 









Our localization screening strategy revealed a series of vesicular transporter 318 

candidates in neurons, a cell type which has tightly regulated secretory vesicles.  We 319 

cannot rule out the possibility that these transporters may also play a physiological 320 

role in regulated secretory granules in non-neuronal secretory cells. Taking the 321 

well-known vesicular transporter VMAT2 as an example, it could localize to both 322 

synaptic vesicles and large dense-core vesicles in neurons (Nirenberg et al., 1996), 323 

as well as secretory granules in endocrine cells of the peripheral system (Weihe et al., 324 

1994). 325 

It is important to note that some VNTs may have been below the detection limit of 326 

enriched proteins in our SV proteomics approach. For example, the vesicular 327 

nucleotide transporter SLC17A9 has been reported to play a role in vesicular ATP 328 

release (Sawada et al., 2008), but was not identified in our proteomics analyses of 329 

SVs, consistent with reports by other groups (Gronborg et al., 2010; Takamori et al., 330 

2006). Similarly, our analysis did not identify SLC10A4, another vesicular transporter 331 

(Larhammar et al., 2015). Therefore, studies regarding these low-abundance 332 

transporters may require more robust strategies such as enriching specific SVs from 333 

VNT-expressing brain regions, using specific antibodies against VNTs, or generating 334 

transgenic mice expressing biochemical labels on specific VNTs.  335 

In addition to our study, a subset of SLC35 family members was also reported by 336 

SV proteomics. SLC35G2 was recently reported in SV proteomics using an improved 337 

workflow (Taoufiq et al., 2020). Interestingly, SLC35D3 was not simultaneously 338 

identified, potentially due to a few reasons: (1) the proteome may vary across 339 



different species at different ages (SD rats at 4-6 weeks vs C57BL6 mice at 6-8 340 

weeks); (2) SLC35D3 has an even lower protein abundance compared with 341 

SLC35G2 (Fig 2G), which is more challenging for detection; (3) Different purification 342 

strategies may lead to differences in SV pools. For example, another SLC35 family 343 

member, SLC35F5, was found to be enriched in VGAT positive SVs instead of 344 

VGLUT1 positive SVs, even though the majority of the two proteomes were highly 345 

similar (Boyken et al., 2013; Gronborg et al., 2010). Taken together, these studies 346 

provided hints for identifying vesicular SLC35 transporters. 347 

Biochemical fractionation strategies (e.g., differential fractionation and density 348 

gradient fractionation) combined with antibodies recognizing endogenous proteins 349 

are classic in validating the subcellular localization of the protein of interest. Given 350 

limited performance of antibodies in detecting SLC35D3, we tried exogenous delivery 351 

of SLC35D3 using AAV-PhP.eB, which infected the whole mouse brain efficiently 352 

therefore providing satisfactory starting materials. It is worth noting that AAV-PhP.eB 353 

potentially results in overexpression of SLC35D3 in the brain that may affect the 354 

subcellular distribution of the transporter. In addition, the LP2 fraction (crude SVs) 355 

after differential fractionation may contain other organelles such as secretory 356 

granules and lysosomes. Subsequent studies using more efficient SLC35D3 357 

antibodies and further purified SVs can be of help to validate the localization of 358 

endogenous SLC35D3 in vivo. 359 

Combining metabolite profiling with a radiolabeled substrate transport assay is a 360 

powerful tool for identifying and characterizing transporter substrates (Nguyen et al., 361 



2014; Vu et al., 2017), which could facilitate the classic deorphanization of an orphan 362 

transporter by screening the costly and environmentally unfriendly radioactive ligands 363 

in transport assay. Therefore, targeted candidates in metabolic profiling were in a 364 

higher priority for further validation like radioactive transport assay. Here, we show 365 

that this strategy can indeed be effective for studying orphan vesicular transporters 366 

located on secretory organelles. The performance of metabolic profiling and the 367 

transport assay is largely dependent on the signal to noise / signal to background 368 

ratio. Here in addition to function as an extracellular signaling molecule, UDP-glucose 369 

is also known to be accumulated in ER/Golgi for glycosylation of proteins (Perez and 370 

Hirschberg, 1986). This transport activity mediated by endogenous transporters 371 

contributes to the basal signal and limits the performance of overexpressed SLC35D3 372 

in metabolic profiling as well as the transport assay based on organelles derived from 373 

the secretory pathways. Further optimization of the deorphanization strategy, e.g., 374 

knockingout endogenous transporters can be tested to maximize the signal-to-noise 375 

ratio. 376 

SLC35D3 is expressed primarily in striatal neurons that project to the substantia 377 

nigra and the globus pallidus externa in the brain (Lobo et al., 2006), and mice with a 378 

recessive mutation in the SLC35D3 gene have decreased motor activity, impaired 379 

energy expenditure, and develop obesity (Zhang et al., 2014). Thus, an important 380 

question for future studies is how SLC35D3 and its substrate UDP-glucose play a role 381 

in these circuits. The substrate of SLC35D3, UDP-glucose, is generally synthesized 382 

and exists in the cytoplasm (Hirschberg et al., 1998). In our hypothesis, UDP-glucose 383 

















Membranes were firstly stained by Ponceau S staining followed by washing with 539 

TBST and blocking with 5% non-fat milk prepared in TBST for 1 hr at room 540 

temperature. Membranes were then incubated with primary antibodies in 5% non-fat 541 

milk TBST overnight at 4°C, followed by washing with TBST three times, 10 min each. 542 

Membranes were incubated with the corresponding secondary antibodies in 5% 543 

non-fat milk for 2 hr at room temperature. Membranes were then washed three more 544 

times, 10 min each, with TBST before being visualized using chemiluminescence. 545 

Antibodies used were polyclonal rabbit anti-VGLUT1 (135302; Synaptic Systems), 546 

polyclonal rabbit anti-VGLUT2 (135402; Synaptic Systems), monoclonal mouse 547 

anti-SYP (101011; Synaptic Systems), polyclonal rabbit anti-SYP (5461; Cell 548 

Signaling Technology), monoclonal mouse anti-VAMP2 (104211; Synaptic Systems), 549 

monoclonal mouse anti-PSD95 (75-028; NeuroMab), monoclonal mouse anti-Flag 550 

(F9291; Sigma-Aldrich), monoclonal rabbit anti-CALR (12238, Cell Signaling 551 

Technology), polyclonal rabbit anti-GM130 (12480, Cell Signaling Technology), and 552 

polyclonal rabbit anti-Chg A (259003, Synaptic Systems). 553 

 554 

Electron microscopy 555 

Antibody conjugated dynabeads were pelleted by centrifugation and subsequently 556 

resuspended in 1.5% agarose in 0.1 M phosphate buffer (PB, pH 7.4). Small agarose 557 

blocks were cut out, fixed overnight at 4°C using 4% glutaraldehyde in 0.1 M PB at 558 

pH 7.4, followed by post-fixation of 1% osmium tetroxide for 1 hr and treatment of 559 

0.25% uranyl acetate overnight at 4°C. The samples were then dehydrated in a 560 





1 hr, 2 hr, and 4 hr, respectively, followed by 100% resin twice at 4 hr each; finally, the 583 

cells were placed in fresh resin and polymerized in a vacuum oven at 65°C for 24 hr. 584 

The embedded cells were cut into 60-nm ultrathin sections using a diamond knife 585 

and imaged using a FEI-Tecnai G2 20 TWIN transmission electron microscope 586 

operated at 120 KV. 587 

 588 

KO cell line establishment and validation 589 

The SLC35A2KO cell line was constructed by transient co-transfection of plasmids 590 

expressing mCherry and sgRNAs targeting the SLC35A2 gene, and a plasmid 591 

expressing spCas9. The sgRNA sequences were: atgccaacatggcagcggtt, 592 

ggtggttccaccgcggcgcc, ggcggtttccgcgggtgcat, and gactgtctcacccgcactgg. Single cells 593 

with high mCherry signal were sorted and seeded in 96-well plates one week after 594 

transfection. After cell expansion, the SLC35A2KO DNA fragments of target loci were 595 

independently amplified by PCR with a primer pair (SLC35A2seqF: 596 

tttaggagcggaggagaaaag; SLC35A2seqR: ctctcagaatgttctcttcccc). The purified PCR 597 

products were sequenced, and the insertions and deletions (indels) within 598 

the SLC35A2 gene caused by sgRNA/Cas9 were analyzed with an online tool 599 

(http://crispid.gbiomed.kuleuven.be/). (Dehairs et al., 2016). Functional validation was 600 

done by radioactive transport assay. 601 

 602 

Organelle fractionation 603 

Stable cell lines grown in two 15-cm dishes were washed twice with either ice-cold 604 
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Figure 1. Localization profiling of SLC family members reveals candidate vesicular transporters 865 

(A) Top: Schematic diagram of the localization profiling strategy. Red and green fluorescent signals were collected 866 

using confocal microscopy imaging of cultured rat neurons co-expressing mCherry-tagged SLC proteins and 867 



























chemical 

compou

nd, drug 

UDP-N-acetylgalactosa

mine 

 

Sigma-Aldric

h 

 

Cat. #: U5252 

 
 

chemical 

compou

nd, drug 

UDP-N-acetylglucosami

ne 

 

Sigma-Aldric

h 

 

Cat. #: U4375 

 
 

chemical 

compou

nd, drug 

UDP-xylose SugarsTech Cat. #: SN02004  

chemical 

compou

nd, drug 

UDP-glucuronic acid Santa Cruz Cat. #: sc-216043  

chemical 

compou

nd, drug 

CMP-sialic acid 
Sigma-Aldric

h 
Cat. #: C8271  

chemical 

compou

nd, drug 

GDP-fucose Santa Cruz Cat. #: sc-221696A  

chemical 

compou

nd, drug 

GDP-mannose Santa Cruz Cat. #: sc-285856A  

chemical 

compou

nd, drug 

Uridine diphosphate 

glucose [6-3H] 
PerkinElmer Cat. #: NET1163250UC  

chemical 

compou

nd, drug 

Uridine diphosphate 

galactose [1-3H] 

 

ARC Cat. #: ART0737  

chemical 

compou

nd, drug 

Uridine diphosphate 

N-acetylglucosamine 

[6-3H] 

ARC Cat. #: ART0128  



chemical 

compou

nd, drug 

Valinomycin 
Sigma-Aldric

h 
Cat. #: V0627  

chemical 

compou

nd, drug 

Nigericin 
Sigma-Aldric

h 
Cat. #: N7143  

chemical 

compou

nd, drug 

FCCP 
Sigma-Aldric

h 
Cat. #: C2920  

chemical 

compou

nd, drug 

N-Ethylmaleimide 
Sigma-Aldric

h 

Cat. #: E3876 

 
 

chemical 

compou

nd, drug 

bafilomycin A1 abcam 
Cat. #: ab120497 

 
 

other Protein G dynabeads 
Thermo 

 

Cat. #: 10004D 

  

 1019 





���� ���� ����

��

��

��

���
/�R

�J ����
���

��3
���

Y
�D

�O
�X

�H
��

�/�R�J�����D�E�X�Q�G�D�Q�F�H���R�I���6�/�&���W�U�D�Q�V�S�R�U�W�H�U�V

�&�X�W���R�I�I��
�S� ��������

�9�*�$�7

�9�*�/�8�7��

�9�*�/�8�7��

�9�$�&�K�7

�6�/�&�����*��

�6�/�&�����'��

�9�0�$�7��

�6�/�&�����)��

�9�*�/�8�7��

�6�9
�����6

�\�Q�
* �2��

�* �R�O�J
�L���$�

S�S�D
�U�D�W

�X�V

�0�L�W�R�
F�K�R

�Q�G�
U�L�D

�( �Q
�W�L�U�H

���P�R�X�
V�H���

S�U�R
�W�H�R

�P�H
��

����

����

����

�&
�R

�Y
�H

�U
�D

�J
�H

���
R

�I�
��S

�U
�R

�W
�H

�R
�P

�H
�V

���
���

��

�6�9�V

�9�0�$�7��

���� ���� ���� ����

��

��

��

�/�R�J�������P�H�D�Q���S�U�R�W�H�L�Q���D�E�X�Q�G�D�Q�F�H��

�9�*�/�8�7��

�9�*�/�8�7��

�9�*�$�7

�9�*�/�8�7��

�6�7�;�%�3���/

�0�$�/�� �6�<�3

�6�9���%

������ ������ �� ���� ����
��

��

��

��

���
/�R

�J ����
���

3�
��Y

�D
�O

�X
�H

��

�/�R�J�������P�H�D�Q���S�U�R�W�H�L�Q���D�E�X�Q�G�D�Q�F�H��

�$�Q�W�L���6�<�3��
�H�Q�U�L�F�K�H�G

�����������S�U�R�W�H�L�Q�V��

�&�X�W���R�I�I��
�S� ��������

�&�X�W���R�I�I��
�/�)�4� ���(����

����

�6�9���S�U�R�W�H�R�P�H
���6�\�Q�*�2���������� �L�Q���W�R�W�D�O��

�$�Q�W�L���6�<�3
�H�Q�U�L�F�K�H�G��
�S�U�R�W�H�L�Q�V

�������� �L�Q���W�R�W�D�O��

�9�H�V�L�F�X�O�D�U
�W�U�D�Q�V�S�R�U�W�H�U�V��

�L�Q���O�R�F�D�O�L�]�D�W�L�R�Q���V�F�U�H�H�Q��
������ �L�Q���W�R�W�D�O��

�6�/�&���W�U�D�Q�V�S�R�U�W�H�U�V
�L�Q���6�9���S�U�R�W�H�R�P�L�F�V

������ �L�Q���W�R�W�D�O��

��

�6�/�&���$��
�6�/�&���$��
�6�/�&���$����
�6�/�&�����$�������=�Q�7����
�6�/�&�����'��
�6�/�&�����)��
�6�/�&�����*��

�$

�'

�)�(

�,�P�P�X�Q�R�L�V�R�O�D�W�L�R�Q
�R�I���6�9�V

�6�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���	��
�S�U�R�W�H�R�P�L�F���D�Q�D�O�\�V�L�V

�0�R�X�V�H���E�U�D�L�Q�V���I�R�U��
�K�R�P�R�J�H�Q�L�]�D�W�L�R�Q

�6�X�S�H�U�Q�D�W�D�Q�W���D�I�W�H�U��
�F�H�Q�W�U�L�I�X�J�D�W�L�R�Q��

�*

�$�Q�W�L���6�<�3�����0��

�$�Q�W�L���9�$�0�3��

�$�Q�W�L���9�*�$�7

�$�Q�W�L���3�6�'����

�$�Q�W�L���9�*�/�8�7��

�$�Q�W�L���9�*�/�8�7��

�$�Q�W�L���6�<�3�����5��

�/�L�J�K�W���&�K�D�L�Q

�,�P�P�X�Q�R�L�V�R�O�D�W�L�R�Q

�,�J�*���K�H�D�Y�\���&�K�D�L�Q

�,�J�*���O�L�J�K�W���&�K�D�L�Q

�:�
H

�V
�W

�H
�U

�Q
���

E
�O

�R
�W

�W
�L

�Q
�J

�3
�R

�Q
�F

�H
�D

�X
�V

�W
�D

�L
�Q

�L
�Q

�J

�$�Q�W�L���6�<�3 �E�H�D�G

�&�W�U�O���,�J�* �E�H�D�G

�&�%

�9�$�0�3��

�9���$�7�3�D�V�H���V�X�E�X�Q�L�W�V

�6�9���$

�6�<�7��

�$�Q
�W�L���6

�\�S

�&�W�
U�O���,�J

�*
��

����

����

����

�6
�9

���
F

�R
�X

�Q
�W

���
E

�H
�D

�G

�+

�6�9�V

�)�L�J�X�U�H���������3�U�R�W�H�R�P�L�F�V���S�U�R�I�L�O�L�Q�J���R�I���6�9�V���L�G�H�Q�W�L�I�L�H�V���Q�R�Y�H�O���S�X�W�D�W�L�Y�H���Y�H�V�L�F�X�O�D�U���6�/�&���W�U�D�Q�V�S�R�U�W�H�U�V

�'�\�Q�D
�E�H�D�G



�$

�'

�&

�%

������ ������
��

��

��

��

��

�'�$�%��
�G�H�S�R�V�L�W�L�R�Q

�����2�V�2��

�(�0���L�P�D�J�L�Q�J

�6�/�&

�$�3�(�;��

�6�9

�9�*�/�8�7�����$�3�(�;��

�0�L�W�R�����2�0�0�����$�3�(�;��

�1�R�Q���W�U�D�Q�V�I�H�F�W�H�G

���� ������ ������
��

����

����

����

�� ���� ������ ������
��

��

����

����

����

�&
�R

�X
�Q

�W
�&

�R
�X

�Q
�W

�&
�R

�X
�Q

�W

�0�L�W�R�F�K�R�Q�G�U�L�D���G�D�U�N�Q�H�V�V

�9�H�V�L�F�O�H���G�D�U�N�Q�H�V�V

�9�H�V�L�F�O�H���G�D�U�N�Q�H�V�V

�� ���� ������ ������
��

��

����

����

����

����

�&
�R

�X
�Q

�W

�9�H�V�L�F�O�H���G�D�U�N�Q�H�V�V

�(
�6�/�&�����'�����$�3�(�;��

�)�L�J�X�U�H���������9�D�O�L�G�D�W�L�R�Q���R�I���W�K�H���Y�H�V�L�F�X�O�D�U���O�R�F�D�O�L�]�D�W�L�R�Q���R�I���6�/�&�����'�����X�V�L�Q�J���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\



������

������

������

������

� � � �� � � �� �
�������(������

�������(������
�������(������
�������(������
�������(������
�������(������

� � � �� � � �� �
�������(������

�������(������

�������(������

�������(������
�������(������

��

��

��

��

������

������

������

������

�'
�1�X�F�O�H�R�W�L�G�H���V�X�J�D�U�V���L�Q���Z�K�R�O�H���F�H�O�O�V

�$ �%

�7�L�P�H

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\

�&�R�O�O�H�F�W�L�R�Q���R�I��
�R�U�J�D�Q�H�O�O�H�V���R�U���F�H�O�O�V

�P���]

�0�H�W�D�E�R�O�L�W�H���H�[�W�U�D�F�W�L�R�Q���	����
�+�3�/�&���0�6���0�6

�6�W�D�E�O�H���F�H�O�O���O�L�Q�H�V���H�[�S�U�H�V�V�L�Q�J��
�Y�H�V�L�F�X�O�D�U���W�U�D�Q�V�S�R�U�W�H�U�V

�&

�(

�6�/�&�����$���2�(�2�U�J�D�Q�H�O�O�H�V

�5
�H

�O
�D

�W
�L

�Y
�H

���
D

�E
�X

�Q
�G

�D
�Q

�F
�H

�:�K�R�O�H���F�H�O�O���F�R�Q�W�H�Q�W�V

�5
�H

�O
�D

�W
�L

�Y
�H

���
D

�E
�X

�Q
�G

�D
�Q

�F
�H

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

�8�'�3���J�O�F

�8�'�3���J�O�F�1�$�F �	��
�8�'�3���J�D�O�1�$�F

�&�0�3���6�$
�8�'�3���J�O�F�$

�6�/�&�����$�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

�6�/�&�����'�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

������ ������ ��������

�������(������

�������(������

�������(������
�8�'�3���J�O�F

�5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q��

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

�6�/�&�����'��

�&�W�U�O

�8�'�3���J�D�O

� � � �� � � �� �
���(������

���(������

���(������

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

�5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q��

�8�'�3���J�O�F

�8�'�3���J�D�O

���� ���� ����
��

��

��

�/�
R

�J ���
���

���
L�

R
�Q

���
L�

Q
�W

�H
�Q

�V
�L

�W
�\�

�

�8�'�3���J�O�F���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����/�R�J���0��

�h���W�r�P�o��

�Z�î�A�ì�X�õ�õ�ó

�&�0�3���6�$
�8�'�3���J�O�F�1�$�F �	���8�'�3���J�D�O�1�$�F

�8�'�3���[�\�O�8�'�3���J�O�F�$�*�'�3���P�D�Q
�*�'�3���I�X�F

�1���'��

������ ������ ��������

�������(������

�������(������

�������(������

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

�6�/�&�����$��

�&�W�U�O

�8�'�3���J�O�F

� � � �� � � �� �

�������(������

�������(������

�������(������

�6�/�&�����'��

�8�'�3���J�O�F�1�$�F �	���8�'�3���J�D�O�1�$�F

�&�W�U�O

�6�/�&�����'���2�( �2�U�J�D�Q�H�O�O�H�V

�5
�H

�O
�D

�W
�L

�Y
�H

���
D

�E
�X

�Q
�G

�D
�Q

�F
�H

�6�/�&�����'�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

�1���'��

�
�


�
�


�8�'�3���J�O�F�1�$�F

�8�'�3

�8�'�3���J�D�O

�8�'�3

�8�'�3���J�D�O�1�$�F

�8�'�3

�5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q�� �5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q��

�8�'�3���J�O�F�1�$�F

�&�0�3���6�$

�8�'�3���J�D�O�8�'�3���J�D�O�1�$�F

�8�'�3���J�O�F�1�$�F

�8�'�3���[�\�O

�3�$�3�6

�3�$�3�6

�$�7�3���	���$�'�3

�*�'�3���I�X�F�"

�8�'�3���J�O�F�1�$�F�8�'�3���J�O�F�$

�8�'�3���J�O�F�1�$�F�8�'�3���J�O�F�"

�6�W�D�Q�G�D�U�G���P�R�O�H�F�X�O�H�V���R�I���Q�X�F�O�H�R�W�L�G�H���V�X�J�D�U�V

�)

�
�

�


�+
� � � �� � � �� �

�������(������

�������(������

�������(������

�6�/�&�����$��

�8�'�3���J�O�F�1�$�F �	���8�'�3���J�D�O�1�$�F

�&�W�U�O

�5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q��

� � � � � �� �

�������(������

�������(������

�&�0�3���6�$

�6�/�&�����$��

�&�W�U�O

� � � � � �� �

�������(������

�������(������

�������(������
�&�0�3���6�$

�6�/�&�����'��

�&�W�U�O

�5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q��

�*

�,

�8�'�3���J�O�F

�8�'�3

�1�X�F�O�H�R�W�L�G�H���V�X�J�D�U�V���L�Q���R�U�J�D�Q�H�O�O�H�V

�8�'�3���J�D�O

�8�'�3���J�D�O

�2

�2

�2

�2

�2

�2

�2

�2

�2

�2

�2

�2

�2

�2

�*�'�3���I�X�F

�2

�2

�2

�2

�2

�2

�*�'�3���I�X�F
�*�'�3���P�D�Q

�8�'�3���[�\�O

�p
�p

�p
�p

�p
�p

�p
�p

�p
�p

�p
�p

�)�L�J�X�U�H���������7�K�H���W�D�U�J�H�W�H�G���P�H�W�D�E�R�O�L�W�H���S�U�R�I�L�O�L�Q�J���U�H�Y�H�D�O�V���S�X�W�D�W�L�Y�H���V�X�E�V�W�U�D�W�H�V���R�I���6�/�&�����'��



�


�


�5�D�G�L�R�D�F�W�L�Y�H��
�V�X�E�V�W�U�D�W�H�V��

��

��

��

������

������

���&�W�U�O
���P�6�/�&�����'��
���K�6�/�&�����'��
���K�6�/�&�����$��

�0�R�F�
N

�8�'
�3���

J�O�F

�* �' �3
���0

�D�Q

�8�'
�3���

J�O�F�
$

�8�'
�3���

J�D�O

�8�'
�3���

[�\�O

�* �' �3
���I�X�

F

�8�'
�3���

J�O�F�
1�$�

F

�&�0
�3���

6�$
�3�$

�3�6

�8�'
�3���

J�D�O�
1�$�

F������

������

������

������

�8�'�3���J�O�F�1�$�F�8�'�3���J�D�O�8�'�3���J�O�F

�$

�%

�(�'

�&

�5�D�G�L�R�D�F�W�L�Y�H���V�L�J�Q�D�O��
�G�H�W�H�F�W�L�R�Q

�7�U�D�Q�V�S�R�U�W���D�V�V�D�\�&�H�Q�W�U�L�I�X�J�D�W�L�R�Q���I�R�U��
�F�R�O�O�H�F�W�L�Q�J���R�U�J�D�Q�H�O�O�H�V

�+�R�P�R�J�H�Q�L�]�D�W�L�R�Q���I�R�U��
�U�H�O�H�D�V�L�Q�J���R�U�J�D�Q�H�O�O�H�V

�)
� � � � � � � � � �

��

������

������

������

�•�}�v �a���������P�L�Q

�


� � � � � � � � � �
��

��������

��������

��������

�. �P �a�������������0

�6�X�E�V�W�U�D�W�H

�9���$�7�3�D�V�H

�6�/�&
�W�U�D�Q�V�S�R�U�W�H�U

�1�(�0
�%�D�I �$��

�)�&�&�3
�9�D�O

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

�+��

�S�+�a��

�*

�

�


�


�0�R�F�
N

�1�(
�0

�)�&
�&�3 �1�L�

J
�%�D

�I���$
�� �9�D

�O
������

������

������

�

�


�1�L�J
�)�&�&�3

�1�(�0

�"

�)�L�J�X�U�H���������9�D�O�L�G�D�W�L�R�Q���D�Q�G���F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���W�K�H���8�'�3���J�O�X�F�R�V�H���W�U�D�Q�V�S�R�U�W���D�F�W�L�Y�L�W�\���R�I���6�/�&�����'��

�>��
�+

�@
���

8�
'�3

���
J�

O
�F

���
V

�L
�J

�Q
�D

�O
���

��F
���

S
���

P
���

�

�7�L�P�H�����P�L�Q�� �&�R�Q�F�H�Q�W�U�D�W�L�R�Q�������0��

�>��
�+

�@
���

8�
'�3

���
J�

O
�F

���
V

�L
�J

�Q
�D

�O
���

��F
���

S
���

P
���

�

�5
�H

�O
�D

�W
�L

�Y
�H

���
U

�D
�G

�L
�R

�D
�F

�W
�L

�Y
�H

���
V

�L
�J

�Q
�D

�O

�1
�R

�U
�P

���
��>

�� �
+

�@
���

8�
'�3

���
J�

O
�F

���
V

�L
�J

�Q
�D

�O
�1

�R
�U

�P
���

��>
�� �

+
�@

���
8�

'�3
���

J�
O

�F
���

V
�L

�J
�Q

�D
�O



�)�L�J�X�U�H���������:�R�U�N�L�Q�J���P�R�G�H�O���G�H�S�L�F�W�L�Q�J���6�/�&�����'�����D�V���D���8�'�3���J�O�X�F�R�V�H���W�U�D�Q�V�S�R�U�W�H�U���R�Q���6�9�V

�8�'�3���J�O�X�F�R�V�H

�6�/�&�����'��

�3���<�����"

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

����������������

�"

�6�9



�)�L�J�X�U�H�������I�L�J�X�U�H���V�X�S�S�O�H�P�H�Q�W���������6�X�E�F�H�O�O�X�O�D�U���O�R�F�D�O�L�]�D�W�L�R�Q���R�I���6�/�&�����'�����D�W���D���U�H�G�X�F�H�G���H�[�S�U�H�V�V�L�R�Q���O�H�Y�H�O

�����s�r�W�Z�W�X���� �����s�r�W�Z�W�X���� �~�î�Æ�•�>���v�š�]�À�]�Œ�µ�•�W�o���•�u�]��

�3�O�D
�V�P

�L�G

�/�H�
Q�W�L�Y

�L�U�X�
V

�$�$
�9

�$�$
�9���

��[
������

������

������

������

������

�5
�H

�O
�D

�W
�L

�Y
�H

��
�(

�*
�)

�3
�O

�H
�Y

�H
�O

�3�O�D
�V�P

�L�G

�/�H�
Q�W�L�Y

�L�U�X�
V

�$�$
�9

�$�$
�9���

��[
������

������

������

������

������

�5
�H

�O
�D

�W
�L

�Y
�H

��
�E

���
µ�

E�O
�H

�Y
�H

�O

�E
���

µ�
E

���
'�&

�W
��

������

������

������

�&
�R

�O
�R

�F
�D

�O
�L

�]�
D

�W
�L

�R
�Q

���
5�

D
�W

�L
�R

�^�>���ï�ñ���ï ���'�&�W �ï�Æ�&�o���P

��

�Z�^�Ç�v

���v�š�]�r���'�&�W�����u�‰�o�]�(�]�����š�]�}�v��
�~�^�>���ï�ñ���ï�•

���v�š�]�r�^�z�W
�~�^�s�•

���v�š�]�r���Z�P ��
�~�•�����Œ���š�}�Œ�Ç���P�Œ���v�µ�o���•

��

���Z�P �����À�•���^�>���ï�ñ���ï�^�z�W���À�•���^�>���ï�ñ���ï



�6�<�3���,�3

�5�� � ����������

�,�J�*���,�3
�$

�)�L�J�X�U�H�������I�L�J�X�U�H���V�X�S�S�O�H�P�H�Q�W���������5�H�S�H�D�W�D�E�L�O�L�W�\���R�I���W�K�H���S�U�R�W�H�R�P�L�F���G�D�W�D

�5�� � ����������

�5�� � ����������

�5�� � ����������

�5�� � ����������

�5�� � ����������

���� ���� ���� ����

����

����

����

����

�/�
R

�J ���
���

�/�
)�

4�
��L

�Q
�W

�H
�Q

�V
�L

�W
�\�

���
�R

�I�
��6

�<
�3

���
W

�U
�L

�D
�O

��

�/�R�J�������/�)�4���L�Q�W�H�Q�V�L�W�\�����R�I���6�<�3���W�U�L�D�O��

���� ���� ���� ����

����

����

����

����

�/�
R

�J ���
���

�/�
)�

4�
��L

�Q
�W

�H
�Q

�V
�L

�W
�\�

���
�R

�I�
��6

�<
�3

���
W

�U
�L

�D
�O

��

�/�R�J�������/�)�4���L�Q�W�H�Q�V�L�W�\�����R�I���6�<�3���W�U�L�D�O��

���� ���� ���� ����

����

����

����

����

�/�
R

�J ���
���

�/�
)�

4�
��L

�Q
�W

�H
�Q

�V
�L

�W
�\�

���
�R

�I�
��,

�J
�*

���
W

�U
�L

�D
�O

��

�/�R�J�������/�)�4���L�Q�W�H�Q�V�L�W�\�����R�I���,�J�*���W�U�L�D�O��

���� ���� ���� ����

����

����

����

����
�/�

R
�J ���

���
�/�

)�
4�

��L
�Q

�W
�H

�Q
�V

�L
�W

�\�
���

�R
�I�

��,
�J

�*
���

W
�U

�L
�D

�O
��

�/�R�J�������/�)�4���L�Q�W�H�Q�V�L�W�\�����R�I���,�J�*���W�U�L�D�O��

���� ���� ���� ����

����

����

����

����

�/�
R

�J ���
���

�/�
)�

4�
��L

�Q
�W

�H
�Q

�V
�L

�W
�\�

���
�R

�I�
��,

�J
�*

���
W

�U
�L

�D
�O

��

�/�R�J�������/�)�4���L�Q�W�H�Q�V�L�W�\�����R�I���,�J�*���W�U�L�D�O��

���� ���� ���� ����

����

����

����

���� ���O�L�Q�H�D�U���S�U�H�G�L�F�W�L�R�Q
�����������3�U�H�G�L�F�W�L�R�Q���%�D�Q�G

�/�
R

�J ���
���

�/�
)�

4�
��L

�Q
�W

�H
�Q

�V
�L

�W
�\�

���
�R

�I�
��6

�<
�3

���
W

�U
�L

�D
�O

��

�/�R�J�������/�)�4���L�Q�W�H�Q�V�L�W�\�����R�I���6�<�3���W�U�L�D�O��



�)�L�J�X�U�H�������I�L�J�X�U�H���V�X�S�S�O�H�P�H�Q�W���������6�/�&�����'�����L�Q���V�X�E�F�H�O�O�X�O�D�U���I�U�D�F�W�L�R�Q�D�W�L�R�Q���R�I���6�9�V

�^�>���ï�ñ���ï�r���'�&�W�r�ï�Æ�&�o���P

�^�z�W

�s�'�>�h�d�í

�W�}�v�������µ���^

��
�, �~���Œ���]�v���,�}�u�}�P���v���š���•

�ô�ì�ì�P�U���í�ì�u�]�v

�^�í�~�‰�}�•�š���v�µ���o���µ�•���•�µ�‰���Œ�v���š���v�š�•

�W�í�~�o���Œ�P���������o�o���(�Œ���P�u���v�š
���v�����v�µ���o���]�•

�^�î�~���Œ�µ���������Ç�š�}�‰�o���•�u�•
�W�î�~���Œ�µ�������•�Ç�v���‰�š�}�•�}�u���•

�W�îp��~���Œ�µ�������•�Ç�v���‰�š�}�•�}�u���•
�^�îp�

�õ�U�î�ì�ì�P�U���í�ñ�u�]�v

�Z���•�µ�•�‰���v�•�]�}�v��
�í�ì�U�î�ì�ì�P�U���í�ñ�u�]�v

�Z���•�µ�•�‰���v�•�]�}�v�����v�����Z�Ç�‰�}�}�•�u�}�š�]����
�•�Z�}���l

�>�^�í
�>�W�í�~�•�Ç�v���‰�š�}�•�}�u���o �Z�����À�Ç��

�u���u���Œ���v���•�•

�î�ñ�U�ì�ì�ì�P�U���î�ì�u�]�v

�>�W�î�~���Œ�µ�������•�Ç�v���‰�š�]�����À���•�]���o���•�•
�>�^�î���~�•�Ç�v���‰�š�}�•�}�u���o ���Ç�š�}�•�}�o�•

�í�ò�ñ�U�ì�ì�ì�P�U���î�Z�Œ

���
]�(

�(
���

Œ
���

v�
š�

]��
�o

���
���

�v
�š

�Œ
�]�

(�
µ�

P
���

š�
]�}

�v

��

�,�������������W�í�����������^�í�����������W�î�[���������>�W�í���������>�W�î

�^�z�W

���Z�P ��
�~�•�����Œ���š�}�Œ�Ç���P�Œ���v�µ�o���•

�W�}�v�������µ���^

�s�'�>�h�d�í

�^�>���ï�ñ���ï�r���'�&�W�r�ï�Æ�&�o���P

�W�^���õ�ñ

��

�'�D�í�ï�ì���~�'�}�o�P�]�•

�����>�Z���~���Z�•



�$

�)�L�J�X�U�H�������I�L�J�X�U�H���V�X�S�S�O�H�P�H�Q�W���������$�G�G�L�W�L�R�Q�D�O���D�Q�D�O�\�V�L�V���R�I���P�H�W�D�E�R�O�L�W�H���S�U�R�I�L�O�L�Q�J

� � � �� � � �� �
���(������

���(������

���(������

���(������

���(������
���(������

� � � �� � � �� �

�������(������

�������(������

�������(������

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

�5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q���5�H�W�H�Q�W�L�R�Q���W�L�P�H�����P�L�Q��
� � � �� � � �� �

���(������

���(������

���(������

���(������

���(������
���(������

� � � �� � � �� �

�������(������

�������(������

�������(������ �6�/�&�����$���2�(���R�U�J�D�Q�H�O�O�H

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

�%

� � � �� � � �� �

�������(������

�������(������

�������(������

�,�
R

�Q
���

L�
Q

�W
�H

�Q
�V

�L
�W

�\�
���

�D
���

X
���

�

� � � �� � � �� �
���(������

���(������

���(������

���(������

���(������
���(������

�8�'�3���J�O�F

�8�'�3���J�O�F�1�$�F �	��
�8�'�3���J�D�O�1�$�F

�&�0�3���6�$

�8�'�3���J�O�F�$
�8�'�3���J�D�O

�&�W�U�O���R�U�J�D�Q�H�O�O�H

�6�/�&�����'���2�(���R�U�J�D�Q�H�O�O�H

�%�)

�&
�W

�U
�O

�*�)�3

�6
�/�

&
���

��'
��

���
(�

*�
)�

3
�6

�/�
&

���
��$

��
���

(�
*�

)�
3



�)�L�J�X�U�H�������I�L�J�X�U�H���V�X�S�S�O�H�P�H�Q�W���������3�K�D�U�P�D�F�R�O�R�J�\���L�Q�V�H�Q�V�L�W�L�Y�H���W�U�D�Q�V�S�R�U�W���D�F�W�L�Y�L�W�\���E�\���6�/�&�����$��

�0�R�F�
N

�1�(
�0

�)�&
�&�3 �1�L�

J
�%�D

�I���$
�� �9�D

�O
������

������

������

�Q���V��

�1
�R

�U
�P

���
��>

�� �
+

�@
���

8�
'�3

���
J�

O
�F

�1
�$

�F
�V

�L
�J

�Q
�D

�O

�$

��

��

��

���&�W�U�O
���K�6�/�&�����$��

�5
�D

�G
�L

�R
�D

�F
�W

�L
�Y

�H
���

V
�L

�J
�Q

�D
�O

���
��F

���
S

���
P

��

�8�'�3���J�O�F�1�$�F�8�'�3���J�O�F

�
�
�


�%
�^�>���ï�ñ���ï


	Article File
	Figure 1
	Figure 2

