bioRxiv preprint doi: https://doi.org/10.1101/2022.06.17.495601; this version posted June 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

4 Determinants of sugar-induced influx in the mammalian

5 fructose transporter GLUTS

~N

Sarah E. McComas!, Darko Mitrovic?, Claudia Alleva', Marta Bonaccorsi!, David
8 Drew'”, Lucie Delemotte®”

9 !'Department of Biochemistry and Biophysics, Stockholm University, SE-106 91
10  Stockholm, Sweden. Department of Applied Physics, Science for Life Laboratory,
11  KTH Royal Institute of Technology, Stockholm, Sweden.

12

13 #Correspondance: ddrew@dbb.su.se ; lucied@kth.se
14

15
16

17

18

19

20

21

22

23

24


https://doi.org/10.1101/2022.06.17.495601
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.17.495601; this version posted June 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

25 Abstract

26  In mammals, glucose transporters (GLUT) control organism-wide blood glucose
27  homeostasis. In human, this is accomplished by fourteen different GLUT isoforms, that
28  transport glucose and other monosaccharides with varying substrate preferences and
29  kinetics. Nevertheless, there is little difference between the sugar-coordinating residues
30 inthe GLUT proteins and even the malarial plasmodium falciparum transporter PfHT1,
31  whichis uniquely able to transport a wide range of different sugars. P/HT 1 was captured
32  inan intermediate “occluded” state, revealing how the extracellular gating helix TM7b
33  has moved to break and occlude the sugar-binding site. Sequence difference and
34  kinetics indicated that the TM7b gating helix dynamics and interactions likely evolved
35 to enable substrate promiscuity in P/HT1, rather than the sugar-binding site itself. It
36  was unclear, however, if the TM7b structural transitions observed in PHT1 would be
37 similar in the other GLUT proteins. Here, using enhanced sampling molecular
38  dynamics simulations, we show that the fructose transporter GLUTS spontaneously
39 transitions through an occluded state that closely resembles P/HT1. Furthermore, we
40  observe that inclusion of fructose lowers the energetic barriers between the outward and
41  inward-facing states, and that its binding is coupled to TM7b gating by a strictly-
42  conserved asparagine residue and a GLUTS5-specific tyrosine-histidine pairing. Rather
43  than a substrate binding site that achieves strict specificity by having a high-affinity for
44  the substrate, we conclude GLUT proteins have allosterically coupled sugar binding
45  with an extracellular gate that forms the high-affinity transition-state instead. This
46  substrate-coupling pathway presumably enables the catalysis of fast sugar flux at

47  physiological relevant blood-glucose concentrations.
48  Significance statement

49  Glucose transporters (GLUTs) are responsible for the facilitated transport of glucose
50 into cells, a process that is vital to life. While high resolution structures of GLUTs have
51  been resolved, it has been unclear how sugar binding and translocation are ultimately
52 coupled. Here we have used advanced molecular dynamics simulations to follow the
53  transport cycle of GLUTS, a fructose-specific member of the GLUT family. We reveal
54  the role that sugar plays in recruiting an extracellular gate to from the transition state,

55 providing a molecular basis for how sugars catalyse fast, yet specific, fructose transport.
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56  Main Text
57 Introduction

58  Glucose (GLUT) transporters facilitate the rapid, passive flux of monosaccharides
59 across cell membranes at physiologically relevant concentrations ranging from 0.5 to
60 50 mM (1, 2). In human, most GLUT isoforms transport D-glucose, but with different
61 kinetics, regulation and tissue distribution (1, 2). For example, GLUT1 is a ubiquitously
62  expressed transporter with saturation by D-glucose around 5 mM to maintain blood-
63  glucose homeostasis, whereas the liver isoform GLUT?2 is saturated at 50 mM, enabling
64 a high-flux of glucose after feeding-induced insulin secretion (1, 3). Others, like
65  GLUT4, are localized to intracellular vesicles, but will traffic to the plasma membrane
66  of adipose and skeletal muscle cells in response to insulin signalling (4). GLUTS is the
67 only member thought to be specific to fructose, and is required for its intestinal
68  absorption (5, 6). In this process, glucose is actively absorbed by sodium-coupled
69  glucose transporters, while fructose is taken up passively by GLUTS5 (7). GLUTS must
70  therefore efficiently transport fructose at high sugar concentrations (Km = 10 mM),
71  whilst still maintaining sugar specificity (7). It is poorly understood how GLUT
72  proteins retain strict sugar-specificity and how sugars are able catalyse large
73  conformational changes when they bind to GLUT proteins with weak (mM) affinities
74 (8). As gate-keepers to metabolic re-programming (9, 10), answers to these fundamental
75 questions could have important physiological consequences for the treatment of

76  diseases, such as cancer and diabetes.

77  GLUT transporters belong to the Major Facilitator Superfamily (MFS), whose topology
78 is defined by two six-transmembrane (TM) bundles connected together by a large,
79  cytosolic loop (Fig. 1A) (11). Within the MFS, GLUT proteins belong to a separate
80  subfamily referred to as sugar porters, which are distinct from other well-known sugar
81 transporters such as LacY (8, 12). Sugar porters are subclassified based on a unique
82  sequence motif (13, 14), and crystal structures reveal that this motif corresponds to
83  residues forming an intracellular salt-bridge network, linking the two bundles on the
84  cytoplasmic side (Fig. 1A, Fig. S1) (14, 15). The salt-bridges are formed between the
85 ends of TM segments and an intrahelical bundle (ICH) of four to five helices. Crystal
86  structures of GLUTI (16), GLUT3 (15), and GLUTS (14) and related homologues (17-

87  21) have shown that the GLUT proteins cycle between five different conformational
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88  states: outward-open, outward-occluded, fully occluded, inward-occluded and inward-
89  open (Fig. 1B). Whilst GLUT proteins are made up from two structurally-similar N-
90 terminal (TM1-6) and C-terminal (7-12) bundles, structures have shown that glucose is
91 not coordinated evenly, but almost entirely by residues located in the C-terminal bundle
92  (15). In particular, residues in the half-helices TM7b and TM10b make up a large
93  fraction of the sugar-binding site (Fig. 1A) (8). The current working transport model is
94  that the half-helices TM7b and TM10b undergo local conformational changes in
95  response to sugar binding and control substrate accessibility to its binding site from the
96  outside and inside, respectively (Fig. 1B)(11, 14). In brief, upon sugar binding from the
97  outside, the inward movement of the extracellular gating helix TM7b is followed by the
98  outward movement of TM10b, and the subsequent breakage of the cytoplasmic inter-
99  bundle salt-bridge network, enabling the two bundles to move around the substrate (8).
100 In the inward-facing state, TM10b moves fully away from TM4b, sugar exits, and the
101  protein spontaneously resets itself to the outward-open state (Fig 1B). Resetting back
102  through an empty-occluded state is rate-limiting and ~100 fold slower than via a loaded-
103  occluded intermediate (2, 22).

104  The intermediate, occluded conformation is arguably the most informative for
105  understanding how sugar binding and transport are ultimately coupled (8). However,
106  due to its transient nature, this state is rarely seen. However, it was fortuitously captured
107  in the recent structure of the malarial parasite plasmodium falciparum transporter
108  PfHTI1(20). Nonetheless, PHT1 is very distantly related to GLUT proteins, and while
109  GLUT proteins show strict sugar specificity, P/HT1 transports a wide range of different
110  sugars, making it unclear whether this occluded state would constitute a good
111  representative of occluded state in GLUT proteins (20, 23). Somewhat unexpectedly,
112 the glucose coordinating residues in PHT1 were found to be almost identical to those
113  in human GLUT3 (20, 24, 25). Based on the position of TM7b and biochemical
114  analysis, it was concluded that the extracellular gating helix had evolved to transport
115  many sugars, rather than the sugar-binding site itself (20). Simply put, it was proposed
116  that P/HT1 was less selective in what sugars it transports as its extracellular gate shuts
117  more easily. Whilst the allosteric coupling between TM7b and the sugar-binding pocket
118  might be more pronounced in PHT1, we hypothesized that the fundamental basis for
119  sugar-coupling should be conserved in the GLUT proteins (8, 20). Here, using enhanced

120  sampling molecular dynamic simulations, we have reconstructed the GLUTS5 transport
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121  cycle in absence and in presence of fructose substrate, deciphering the molecular

122 determinants for fructose binding and extracellular TM7b gating.
123  Results and discussion
124 Modeling rat GLUTYS in all conformational states

125  To piece together the “rocker-switch” alternating-access mechanism for the GLUT
126  proteins (26), we must correctly assemble the relevant conformational states along the
127  transport pathway. We thus selected to focus our efforts on the fructose transporter
128  GLUTS for two reasons. Firstly, GLUTS is the only GLUT protein with structures
129  determined in both outward-open and inward-open conformations, which principal
130  component analysis of n = 17 sugar porter structures, confirmed represents the two end
131  states (20). Secondly, how non-glucose sugars are recognized by GLUT proteins is
132 unknown, and a computational framework for a fructose-specific transporter would

133 help to understand substrate specificity more broadly.

134  Initially, to fill in the “missing” GLUTS5 conformational states, homology models of rat
135 GLUTS were generated using relevant structures as templates: outward-occluded
136  (human GLUT3), occluded (PfHT1) and inward-occluded (E. coli XylE) and inward-
137  open bison GLUTS (Methods). To assess the stability of the generated homology
138  models, MD simulations on each of these models were performed in a model POPC
139 membrane bilayer (Methods). Each model was stable during the simulation, with a
140  slightly higher RMSD in fully-occluded, inward-occluded, and inward-open models,
141  likely reflective of their intrinsic dynamics in absence of substrate as well as ICH
142  mobility when the N- and C-terminal bundles are no longer held together by salt bridges
143  (Fig. S2). Overall, we concluded that the rat GLUTS models had reached an acceptable

144  dynamic equilibrium.

145 During substrate translocation by MFS transporters, cavity-closing contacts are
146  predominantly formed between TM1 and TM7 on the outside (extracellular gate) and
147  between TM4 and TM10 on the inside (intracellular gate) (8) (Fig. 1C, Fig. 2A). We
148  can therefore monitor the distances between the centers of mass of the residues forming
149  the extracellular gate (EG) and intracellular gate (IG) as a proxy for the conformational
150  states sampled during simulations. As seen Fig. 2B, although the most populated gating
151  distances deviate from the starting GLUTS5 models (shown as filled-circles), all states
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152 equilibrated with mostly overlapping distributions. Notably, the largest deviation from
153  the starting template is for the GLUT5 outward-occluded state modelled from human
154  GLUT3, which we attribute to the fact the extracellular gate TM7b was stabilized in the
155  crystal structure by the crystallization lipid monoolein (15). The non-filled gap between
156  the occluded and inward-occluded state distributions corresponds to the larger global
157  “rocker-switch” rearrangements (Fig. 2A), which are inaccessible over these short ns-

158  long time scales.
159  Interpolating between models of states using targeted MD simulations

160  To fully sample the conformational space between the fully occluded and inward-
161  occluded GLUTS states, enhanced sampling simulations are necessary. We chose here
162  targeted MD (TMD) simulations to interpolate between all five major states (27),
163  applying a moving harmonic potential restraint to all heavy atoms in GLUTS. Given
164  the uncertainty of the P/HT1 occluded state as a suitable model in GLUT proteins, we
165  performed TMD from the outward-occluded to the inward-occluded state either via the
166  occluded state model, or directly between these two states. In both these targeted MD
167  simulation protocols, we find that GLUTS passes through a conformation in which the
168  positioning of the gates closely matched the ones in the occluded model based on PHT 1
169 (Fig. 2C, Fig. S3). Having confirmed that the P/HT1 structure is a reasonable
170  approximation for the occluded state in GLUTS, we aimed to characterize the most
171  probable transition pathway linking the outward-open and inward-open states, and
172 calculate the free energy surface lining this pathway. To this end, we used the string-of-
173  swarms method for GLUTS both in its apo (rGLUT5*™Y) and fructose-bound
174  (rGLUTSMuetose) conditions (28). In brief, each of the five different structural models
175  were represented as beads along a string, with a further eleven beads added from
176  configurations extracted from the TMD, yielding in total 16 beads spanning a tentative
177  initial pathway defined in terms of their intracellular and extracellular gate distance
178  (Fig. 2D, Fig. S4A). From each of these beads, many short trajectories were launched
179  (swarms) to iteratively seek an energy minimum along the string path (see Methods).
180 In this approach, the string simulations converge when the string diffuses around an
181  equilibrium position. This protocol has proven effective to sufficiently explore
182  computational space for complex conformational changes (28). After ~100 iterations,
183  the strings had converged (Fig. S4B), indicating that an equilibrium position was found.

184  Nevertheless, we continued to run another ~450 to 650 iterations to ensure exhaustive
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185  sampling of the entire transition pathway, enabling an appropriate estimation of the free

186  energy along the converged path.
187
188  The free-energy landscape of GLUTS with and without fructose bound

189  Once the strings had converged and equilibrium was reached, we calculated free energy
190 surfaces (FES) based on the transitions of all equilibrium swarm simulations (see
191 Methods). Comparing the free energy surfaces between these two conditions reveals
192  obvious differences between rGLUT5*™Y and rGLUT5™ ¢ simulations (Fig. 2E, F).
193  In the absence of fructose, the outward-open state is the most energetically favorable,
194  with higher energy barriers to either occluded or inward-facing states (Fig. 2E). This
195  calculation is consistent with experimental observations for the related XylE that show
196  that the outward-facing state is the most populated in the absence of sugar (29). The
197  free energy surface of GLUTS5™Y is also consistent with structures that have shown
198 that the strictly-conserved salt-bridge network is only present on the cytoplasmic inside
199 (8), stabilizing the outward-facing state. Single point mutations to the salt-bridge
200  network residues have indeed been shown to arrest GLUT transporters in the inward-
201 facing conformation (16, 30). In the presence of sugar, however, the inward-facing
202  states become accessible and are of similar energetic stability to the outward-facing
203  states (Fig. 2F). The heights of the free energy barriers between outward and inward-
204 facing states in presence and absence of substrate, respectively, are consistent with
205 measurements GLUT Kkinetics, as rates have been shown to be 100-fold faster for
206  substrate-bound than for empty-occluded transitions (2, 22). In other words, we can
207  directly see the effect of substrate binding on transport, namely sugar-induced
208 conformational changes. Based on these overall differences matching experimental
209  observations, we conclude the free energy landscape represents the physiologically-

210  relevant GLUTS conformational cycle.

211  In the presence of fructose, the occluded state of GLUTS is exactly positioned between
212 the two energetically-favorable outward- and inward-facing states (Fig. 2F). Consistent
213  with a transition state, the occluded state is located on the highest energetic barrier along
214  the lowest energy pathway between the two opposite-facing conformations. Moreover,
215  transition into the occluded state from the outward states is energetically unfavorable

216  for GLUTS without sugar, but the presence of fructose clearly lowers the activation
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217  barrier (Fig 2E, F). These calculations are also consistent with the fact that GLUT
218  transporters are required to spontaneously reset to the opposite-facing conformation
219  through an empty occluded transition (8), i.e., local gates rearrangements controlling

220 intermediate states must be able to spontaneously close in the absence of sugar.
221 Conformational stabilization of the occluded-state by D-fructose

222 Since the presence of D-fructose lowers the energetic barriers between outward- and
223  inward-facing states (Fig. 2F), we reasoned that we should be able to extract the
224  molecular determinants for D-fructose coordination in the occluded state from these
225  simulations. Based on extensive biochemical data and the glucose-bound Auman
226  GLUTS3 structure, we know that D-glucose is transported with the C1-OH group facing
227  the bottom of the cavity (endofacial) and the C6-OH group facing the top (exofacial)
228 (8, 31-33). It is expected that D-fructose will be likewise transported by GLUTS with
229  the C1-OH group facing the endofacial direction, since substituents to fructose were
230  better tolerated when added to the C6-OH position (34, 35). D-fructose was
231  unconstrained during TMD and string simulations. To evaluate the conformational
232 heterogeneity of D-fructose, we binned the energy landscape, extracted configurations
233  corresponding to each bin, and then clustered the fructose poses for these ensembles of
234  configurations (see Methods). As seen in Fig. 3B, in the outward-open and outward-
235  occluded conformations, D-fructose does not display any preferential binding mode,
236  and the C1-OH group has no preferential orientation (brown sphere). In contrast, in the
237  occluded state, the sugar becomes highly coordinated, adopting a single well-defined
238  binding pose in approximately 65% of conformations that is 9-fold more populated than
239  the next most abundant pose (Fig. 3A, B). Remarkably, the two most preferred poses
240  are very similar to the orientation that both D-glucose and D-xylose have adopted in

241  previously determined crystal structures (Fig. 3C)(8, 15, 17).

242 Upon superimposition of all the major conformations along the GLUT transport cycle,
243  the TM7b asparagine was shown to be the only sugar-coordinating residue significantly
244  changing its position during the transport cycle (20). Because the TM7b asparagine
245  residue is strictly conserved in all GLUT transporters and related sugar porters, it was
246  proposed that the recruitment of the TM7b asparagine is a key and generic interaction
247  required for coupling sugar binding and extracellular TM7b gating (8). Consistently, in
248  the simulations, the TM7b asparagine (N293) is well positioned to coordinate the C4-
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249  OH group of D-fructose in the most favorable binding pose in the fully occluded state,
250  and generally maintains hydrogen-bond distance (Fig. 3D). Moreover, in the PHT1
251  occluded structure, TM7b was found to have broken into an elbow-shaped helix, with
252 close contacts to TM1 at the break-point. In all inward-facing states, the gating helix
253  TMT7b remains at a sharp angle (8). Structural information implied the stabilization of
254  TMT7b via the asparagine coordination to a substrate sugar would induce TM7b to

255  transition from a bent to a broken-helix conformation (8, 20).

256  We therefore also compared the angle formed by TM7b throughout both rGLUTS¢™PY
257 and rGLUTSfvetose gimulations (Fig. 4). Consistently, we observe that TM7b
258  comparatively forms a sharper angle earlier in the transport cycle when sugar is present,
259  indicating that indeed the conformational state of TM7b is connected with sugar
260  recognition, and suggesting a mechanism whereby fructose binding induces transition
261 into the occluded states (Fig. 4). The angle of TM7b further decreases upon transition
262  into the occluded state to fully shut the outside gate.

263  Coupling between fructose binding and inner gate rearrangements

264  Extracellular TM7b gate closure in the occluded conformation must somehow trigger
265  the breakage of the intracellular salt-bridge network on the inside in order for the two
266  bundles to come apart. Upon closer inspection of the fructose-bound state, we see that
267 not only does the TM7b asparagine interact within hydrogen bond distance to D-
268  fructose, but a TM7b gating tyrosine (Y296) also forms an interaction to a histidine
269  residue (H386) in TM10a (Fig. 5A). Both the TM10a histidine and the TM7b tyrosine
270  areunique to GLUTS (Figure S1) (14) and GLUT1 mimicking variants H386A, H386F
271  and Y296A have been shown to severely diminish fructose binding (14). The TM7b
272  tyrosine appears to also interact with an asparagine residue (N324), which is also
273  generally within hydrogen bond distance to the C6-OH group of D-fructose (Fig. 3D).
274  As such, the TM7b gate appears to be connected both indirectly and directly to the
275  sugar-binding site. Interestingly, a serine residue (S391) located between the TM10a-b
276  breakpoint also coordinates with the C1-OH group of fructose, which is an alanine
277  residue in GLUTI1. The mutation of S391 to alanine in GLUTS5 also weakened D-
278  fructose binding (14). It thus seems that the substrate-sugar stabilizes the closure of
279  TMT7b and also its interaction with TM10a. It is possible that when TM10a becomes

280  locked in place by interaction with the substrate sugar, TM10b is allowed to move more
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281  independently of TM10a, further facilitated by a very mobile GPXPXP helix-break
282  motif (Fig. S1). Moreover, in the simulations, we see that the TM7b angle decreases
283  from about 150 degrees to about 115 degrees without any noticeable change in TM10b
284  (Fig. 5B). However, as the TM7b angle reaches 115 degrees in the occluded state,
285 TMI0b undergoes a large shift in position. Interestingly, the salt-bridge residues,
286  particularly those located between TM4 and TMI11, do not fully break apart until
287  TMI10b has finished rearranging (Fig. 5C, D). This would indeed be consistent with the
288  coordinated coupling between the inward movement of TM7b triggering the outward

289  movement of TM10b to break the inter-bundle salt-bridge network.
290  Discussion

291  GLUT transporters are often presented as text-book examples of how small molecule
292  transporters are functional equivalents of soluble enzymes. Yet, despite extensive
293  kinetic, biochemical and physiological analysis, we have a poor understanding of how
294  GLUT structures fit into such a molecular description. Here, for the first time, we can
295  confirm that the occluded state structure of PHT1 (20) provides a suitable template for
296  modelling the transition state in a GLUT transporter. The classical description of
297  enzyme catalysis is that there is relatively weak binding of the substrate to the enzyme
298 in the initial state, but a tight binding in the transition state (36, 37). This conceptual
299  framework implies that in GLUT proteins, the sugar would bind more tightly to the
300 transition state, which would be consistent the Induced Transition Fit of transport
301 catalysis proposed by Klingenberg ref. (37). More specifically, in the occluded state,
302  we find that TM7b is broken over the sugar-binding site to better coordinate D-fructose.
303  The fundamental difference between enzymes and transporters is that the structure of
304 the transition state determines the activation barrier for global conformational changes
305 in the transporters, whereas in enzymes the barrier is imposed by substrate remodeling
306 in the transition state (37). Here, we indeed observe that the energy barrier for

307 conversion between states is clearly lowered by the coordination of D-fructose.

308 By measuring GLUT]I kinetics at different temperatures, an activation barrier (Ea) of
309 around 10 kcal/mol has been reported (22). This relatively low activation barrier
310 roughly corresponds to the breakage of a few salt-bridges, which matches the
311  expectation for the intracellular salt-bridge-rich GLUTs. The D-glucose binding
312  energies has been estimated to be around 9 kcal/mol for GLUT3 (38), which is

10
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313  consistent with sugar binding required to generate the global transitions by inducing
314  formation of the occluded state. Although the transition state represents the highest
315  energetic barriers between opposite-facing conformations in MD simulation of GLUTS,
316 the height of the activation barrier cannot be reliably calculated from our simulations
317  for several different reasons. Firstly, the energy barriers are estimated along a path that
318  describes structural transitions in the extracellular and intracellular gates, rather than all
319  conformational changes across the entire protein. Moreover, our models consider a
320 membrane bilayer made from POPC lipids, whereas it is well established that transport
321 by GLUT proteins requires the presence of anionic lipids. The fact that the activation
322 barrier for GLUT1 has been shown to increase from 10 to 16 kcal/mol in liposomes
323  made from lipids with longer fatty acids highlights just how sensitive GLUT proteins
324  are to the lipid composition (39). Here, we chose to use a neutral lipid composition to
325 avoid complications related to the anticipated timescales needed to equilibrate a
326  complex bilayer. Moreover, we have focused on the sugar coupling for influx rather
327  than efflux, because the affinities for D-glucose are reported to be 10-fold poorer on the
328 inside (8, 40) and salt-bridge formation between the two bundles is more difficult to

329  model than salt-bridge breakage (see Methods, Fig. S6).

330 In the promiscuous sugar transporter PfHT1, the TM7b gating tyrosine residues of
331 GLUTS have been replaced by serine and asparagine (20). These more polar residues
332  enable closing of the outside gate more easily and play a role in catalyzing transport of
333  different sugars. In contrast, GLUTS is a highly specific sugar transporter and we find
334  evidence for a finely-tuned extracellular TM7b gate. More specifically, upon TM7b gate
335  closure, the tyrosine residue proceeding the “YY/SN” motif forms a unique pairing to
336  a histidine residue peripheral to the sugar-binding site. The histidine can interact both
337  with the TM7Db tyrosine as well as hydrogen bond to an asparagine residue interacting
338  with fructose. In contrast, the C6-OH group from a bound D-glucose molecule could
339  conceivably clash with the positioned histidine residue. Although the exact rationale
340  will require a GLUTS structure in complex with D-fructose, it is poignant that we
341 observe a connection between the sugar-binding site and the TM7b tyrosine residue,
342  which is located at the region wherein TM7b transitions from a bent to broken helix in
343  the occluded state. The importance of the evolved coupling between this region in
344 TMT7b and the sugar binding site was also observed in the E. coli xylose symporter
345  XylE. Whilst XylE binds D-glucose in the same manner and with the same affinity as
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346  in human GLUTS3, the XylE protein is incapable of transporting the sugar, i.e., D-
347  glucose is a dead-end inhibitor (41). However, the mutation of the residue
348  corresponding to the TM7b tyrosine in XylE (L297F) together with a sugar binding site
349  mutant (Q175L), enables XylE to transport D-glucose while retaining 75% of wild-type
350 D-xylose transport (42). Thus, our work strengthens the proposal that TM7b should be

351 considered as an extension of the sugar binding site (20).
352  Conclusions

353  Taken together, we conclude the molecular determinants for sugar transport are an
354  intricate coupling between an extracellular gate, a sugar-binding site, and an
355 intracellular salt-bridge network (Fig. S7). Weakly binding sugars are able to induce
356 large conformational changes in GLUT proteins by conformational stabilization of a
357  transition state that can already be spontaneously populated. Rather than a substrate
358 binding site that achieves strict specificity by having a high-affinity for the substrate,
359  GLUT proteins have allosterically coupled sugar binding with an extracellular gate that
360 forms the high-affinity transition-state instead. Presumably, this substrate-coupling
361 pathway ensures that sugar-binding does not become rate-limiting, and so enables
362  GLUT proteins to catalyse fast sugar flux at physiological relevant blood-glucose
363  concentrations in the mM range. The recent type 2 diabetes drug empagliflozin in
364 complex with the sodium-coupled glucose transporter SGLT2, demonstrates how
365  selective inhibition was achieved by the aglycone of the glucoside inhibitor interacting
366  with the mobile TM1a-b and TM6a-b half-helices (43). In many aspects, while GLUT
367  proteins are referred to as rocker-switch proteins, their asymmetric binding mode gives
368 rise to gating elements closely resembling the structural transitions seen in rocking-
369 bundle proteins like SGLT2 (8). Such an intricate coupling indicates that
370  pharmacological control of GLUT proteins might best be accomplished by small

371  molecules targeting gating regions in addition to the sugar binding site.

372 Materials and Methods

373
374  Protein modeling and atomistic simulations

375  Residue numbing for rGLUTS is based on the UNIPROT entry of rGLUTS: P43427,
376  and all generated models begin at residue E7 and end at residue V480. The starting
377  models for rGLUTS in each state were generated using homology modeling with
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378 MODELLER version 10.1 (44). A summary of the details of these models and
379  subsequent simulations are found in Table 1. The unresolved TM1-TM2 loop from
380 chain A of the outward-open structure of rGLUTS, PDB:4ybq, was modeled using
381 MODELLER. Human GLUT3,4zw9 (25), served as template for the rGLUTS outward-
382  occluded model. PfHT1 PDB:6rw3 (20) chain C served as template for the rtGLUTS5
383  fully-occluded model. XylE PDB:4ja3 (18), served as template for the rGLUTS
384 inward-occluded model. Bovine GLUTS, PDB:4yb9 (14), served as template for the
385 rGLUTS inward-open model. Intracellular helix 5 (ICHS) is not present or incomplete
386 in several structures (see Table 1) and therefore the rtGLUTS ICHS (residues M457-
387  V480) was added to the sequence alignment for homology modeling as a template.

388  Each rGLUTS protein model was placed into a POPC bilayer with ~122 lipids on the
389  top leaflet, and ~124 on the bottom, and solvated in a water box with 150mM NaCl
390 using CHARMM-GUI (45). The total box size before equilibration was 10x10x11nm.
391  All parameters of the system were described using CHARMM36m.

392  Each system underwent energy minimization using steepest descent, followed by
393  system equilibration for a total of 187.5ps where positional restraints on the protein and
394  POPC lipids were gradually released. Production MD was then run using 2fs timesteps
395 in GROMACS version 2019.1 (46). Temperature was maintained at 303.15K using
396 Nose-Hoover temperature coupling, using three separate groups for protein, lipid
397  bilayer, and the solvent. Pressure was maintained at 1bar using the Parrinello-Rahman
398  barostat with semiisotropic coupling, using a time constant of Sps and a compressibility
399  of 4.5 x 10 bar!. Hydrogen bonds were constrained using LINCS (47), electrostatic
400 interactions modelled with a 1.2nm cutoff, while long-range electrostatics were
401  calculated with particle mesh Ewald (PME). Simulation length can be found in Table
402 1.

403
404  Targeted molecular dynamics

405  Targeted MD (TMD) was performed in a stepwise fashion between states to ensure that
406  the initial string would cover the determined sugar porter conformational space
407  observed thus far. Four main TMD protocols were used: rGLUT5¢™" Qutward open -
408  Inward open, tGLUT5*™% Inward open - Outward open, rGLUTS5<s Qutward open -
409  Inward open, and rGLUTSf<tse [nward open - Outward open.

410  TMD was performed using GROMACS version 2019.5 patched with PLUMED version
411  2.5.5(48). Each TMD condition was performed in a stepwise, iterative fashion. The
412 first TMD run of each of the four conditions was performed biasing stepwise, either the
413  outward open structure or inward open homology model towards the respective targets,
414  the outward occluded or inward occluded models. All structures and models used, be it
415  as a starting point or as a target for the TMD, are from unequilibrated (not from the
416  aforementioned MD) structures/ models, to ensure that the TMD was not generated
417  from alocal minima distant from a desired state. The positions of all heavy atoms were
418  biased in a geometric space with incrementally increasing harmonic restraints, initially
419  starting at O kJ/mol/nm and increasing to 2500 kJ/mol/nm at step 5000. After 5000
420  steps, the force applied was squared every 150000 steps until the heavy atom RMSD of
421  the system was within about 0.05nm of their target conformation. After this was
422  achieved, the final frame of the TMD run was used to generate the next TMD run’s
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423  input model for each condition. Table 2 details each TMD run length, starting and
424  ending conformations for each condition, and the RMSD of the final TMD timepoint.

425  For rGLUTS freetse TMD runs, beta-D-fructofuranose was placed in the outward open
426  structure or inward open model based on the positioning of glucose in hGLUT1
427  (4pyp)(15) after structural alignment with the models in PyMol version 2.5.0. The
428  fructose-bound outward open structure or inward open model were then briefly energy
429  minimized to ensure no sugar and water atoms clashing during simulation. During TMD
430  runs, fructose coordinates were left unbiased. Despite this, inspecting the fructose
431  position revealed that fructose did not leave the binding cavity.

432

433  Limitations of inward open to outward open simulations in regards to salt bridge
434  distances

435  Initially, as described above, TMD was also performed with both rGLUTS5*™% and
436  rGLUTS™es from inward open to outward open. However, string simulations
437  performed of these conditions did not converge. Upon examination of features of these
438  simulations, we could see the state-dependent salt-bridge residues losing contact in
439  states where they should not (Fig. S6), and thus we elected to focus further simulations
440  on GLUTS influx, as discussed in the main text.

441
442 Collective variables selection

443  Collective variables (CVs) were chosen based on features that were transferable to other
444  sugar porters, and that would separate different functional states. Two CVs were used
445  for this state differentiation, measuring opening of the extracellular and the intracellular
446  gates,respectively (Fig. 1C, Fig. 2A, Fig. S1). The distance between the centers of mass
447  of the extracellular gating parts of the transmembrane helices TM1 (residues 36 to 43)
448  and TMT7 (residues 295 to 301) were used to measure opening of the extracellular gate
449  (referred to as extracellular gate distance). The distance between the centers of mass of
450  the intracellular gating parts of the transmembrane helices TM4 (residues 142 to 151)
451  and TM10 (residues 392 to 400) were used to measure opening of the intracellular gate
452  (referred to as intracellular gate distance).

453
454  String preparation

455  For each of the conditions, snapshots corresponding to points lining the string were
456  extracted from the TMD runs (referred to as beads hereafter). 16 beads were chosen in
457  total, five of which correspond to the outward open, outward occluded, fully occluded,
458  inward occluded, and inward open models, and based on the first or final frames of the
459  TMD runs. The other 11 beads were chosen to cover uniformly the CV space between
460  states (Fig. 2D for rGLUTS™ewose Fig. S4A for rtGLUTSempw).

461
462
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463  String method with swarms of trajectories

464  The string simulations with swarms of trajectories were performed as described in ref
465  (28), with a brief summary as follows. With the exception of bead 0 and bead 15
466  (outward open and inward open models), which were held fixed and therefore not
467  simulated in each run, each bead along the string undergoes several simulation steps in
468  every iteration of the string simulations. Step 1: short string reparametrization and CV
469  equilibration. The CV values are extracted for each bead, and the relevant system is
470  equilibrated with a 10,000 kJ nm -2 harmonic force potential acting on each CV for 30ps.
471  Step 2: swarms of trajectories. From each bead, 32 swarms are launched and run for
472  10ps each. The swarms were launched in parallel . Step 3: calculate CV drift for next
473  iteration. The drift per bead is calculated by measuring the average of the CV distance
474  over the simulation swarm. Step 4: Using the updated CV coordinates, the string is
475  reparametrized so that the beads are equidistantly placed along the string, therefore
476  stopping each bead from falling into nearby energy minima. Details of this
477  reparameterization can be found in (29). Then, the iteration is complete and the next
478  iteration can begin, with the initial simulation restraining the system in the
479  reparametrized CV space. The rGLUTS fretese simulations were run for a total of 552
480 iterations, and the rGLUTS ™% simulations were run for a total of 745 iterations.

481 The code for running the string simulations with the conditions above, as well as a
482  tutorial and simple system setup and analysis code can be found on GitHub at
483 https://github.com/delemottelab/string-method-swarms-—

484 trajectories. All simulation parameters of the string simulations are the same as
485  mentioned above, with the exception of GROMACS version (2020.5 instead of 2019.1),
486  and the use of a V-rescale thermostat instead of Nose-Hoover.

487
488  Free energy landscape calculation

489  The free energy landscapes as depicted in Fig. 2E and 2F were calculated from the
490 transition matrix of the swarm simulations in the CV space once they were determined
491  to be in equilibrium (Fig. S4B), after about 100 iterations. Therefore, 452 iterations of
492  data was used to calculate rGLUTS freoe free energy surfaces, and 645 iterations of data
493  for rGLUTS ™. First, a time-lagged independent component analysis (TICA) of the
494  CVs was performed over every iteration, for each bead, using each start and end
495  position in the swarm, to efficiently separate the data for state discretization. Next, these
496  TICA projections were clustered using k-means clustering. Finally, a Markov state
497  model (MSM) was constructed with n=100 clusters and a kernel density estimation
498  (KDE) of the resulting MSM was projected into the 2D collective variable space, using
499  abandwidth of 0.05, on a 55x55 grid.

500
501  Analysis of simulations

502  The resulting free energy landscape is defined on a 55x55 grid. For the analysis of
503  protein features (such as sugar coordination, TM7b angle, and salt bridge distances),
504  each of the bins in the grid was analyzed independently. For this, structural snapshots
505 from the endpoints of swarm simulations corresponding to the CV values of each bin
506  were extracted, with a maximum of 1000 frames per bin (see Fig. S5A).
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507  Inthe sugar coordination analysis, the snapshots extracted for each bin were aligned on
508 the entire protein position in cartesian space. Then, clustering was performed on each
509  of the sugar coordinates using gmx cluster with the Jarvis-Patrick algorithm and a
510  cutoff of 0.08nm for each cluster center. The percentage of total frames occupied by the
511 most populated cluster is presented in Fig. 3B. Table 3 below summarizes the clusters
512  for two representative bins, the outward open and occluded state. The area shaded grey
513 in the table indicate clusters used in the Fig 3B inserts, highlighting the most populated
514  clusters summing to ~70% of the total possible sugar poses in a bin. The most populated
515 cluster for the occluded state, highlighted with a red border, is shown in Fig. 3C.
516 Distances between certain sugar hydroxyl groups and residue side chains, as shown in
517  Fig. 3D, are calculated from this cluster as well. These measurements are the minimum
518 closest distance between any atom of a given hydroxyl group, to any atom of a residue
519 side chain for each frame in this bin (n=447).

520 In other feature analysis such as TM7b angle or salt bridge distances, the snapshots
521  extracted for each bin were analyzed in Python version 3.8.5 using MD Analysis
522  version 2.0.0"? and plotted in matplotlib version 3.3 4.

523  Images overlaying simulation features with an energy surface (such as Fig. 3B and Fig.
524  4) use an abstraction of the free energy surfaces as depicted in Fig 2E and 2F. A
525  depiction of this abstraction can be found in Fig. S5B.

526  To estimate average properties for each grid point (X;), weighted averages (W) are
527  reported, using the weights for each snapshot estimated from the MSM (w).
_ T wiXi

n o, (D

i=1 Wi

528 W

529

530 The TM7b angle 8 was calculated as the angle between two vectors defined by two
531  groups of residues center of mass (COM):

BA-BC

532 0 = arccos <|ﬁllﬁl) 2)

533  where A represents the vector of positions of residues 289-291 COM, B the vector of
534  positions of residues 296-298 COM and C the vector of positions of residues 304-306
535 COM.

536

537  The TM10b RMSD was calculated as the weighted average of each grid’s RMSD of
538 the backbone of residues 391-401 after superposition of all backbone atoms onto the
539  outward open structure 4yb9.

540  The state-dependent salt bridge residue distance is calculated as the minimum distance
541  averaged between residue pairs E151-R407, and E400-R158.

542  The aforementioned Python codes written for all analysis and free energy landscape
543  calculations can be found at:
544 https://github.com/semccomas/GLUTS string

545
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684  Figures and Tables

Figure 1
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686  Fig. 1. Schematic highlighting the GLUT structural features and their major
687  conformations in the transport cycle. A. Structural overview of a sugar porter,
688 GLUTS (PDB:4ybq). The N-domain (left, dark grey, transmembrane helices 1-6) and
689  C-domain (right, light grey, transmembrane helices 7-12) form the separate six-
690 transmembrane bundles, which are connected by the large cytosolic loop comprising
691 intracellular helices (ICH) 1 - 4. The salt bridge forming residues linking the two
692  bundles are shown as sticks in blue and red, indicating the positive and negative charge
693  of the side chains, respectively. The broken transmembrane helices TM7 (forming
694 TMT7a and TM7b) and TM10 (forming TM10a and TM10b) are colored yellow and
695  cyanrespectively. B. Schematic conformational cycle a sugar porter will undergo, based
696  on currently available protein structures. Briefly, moving clockwise from top middle,
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697  the transporter will receive a sugar in the outward open state (i). The transporter then
698  undergoes a partial occlusion of the extracellular gate (outward occluded, ii), followed
699 by full occlusion (iii). Once both gates are fully shut, the inner gates begin to open
700  (inward occluded, iv) where the salt bridge residues begin to lose contact. Finally, the
701  salt bridges are fully broken apart in an inward open state (v), and the sugar can be
702  released into the cell. The transporter will then go through the same motions in reversed
703  order in the absence of sugar to reset to the outward open state (vi-viii). C. The
704  extracellular gate is formed by TM1b and TM7b half-helices, and the intracellular gate
705 is formed by TM4b and TM10b half-helices. Residues defining these gates are shown
706  as spheres. In the outward open state (left), the extracellular gate is open, and
707  intracellular gate is shut. In the inward open state (right), the opposite occurs. The grey
708  slab behind the proteins indicates the rough location of the lipid bilayer membrane.

709
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722  Fig. 2 A free-energy landscape for D-fructose influx by GLUTS. A. A graphical
723  illustration of the five major states, with the intracellular (IC) and extracellular (EC)
724  gate distances on the x-axis and y-axis, respectively. Only TM1, TM4,TM7, and TM10
725  are drawn here, with the intent to highlight only major elements of the rocker switch
726  conformational change. B. IC and EC gate population densities of atomistic simulations
727  of each rGLUTS5 homology model. Filled circles represent the starting configurations
728  from each rGLUTS homology model. C. Targeted MD (TMD) with bound fructose.
729  Individual states are shown in triangles, with the following color schemes: outward
730  occluded: deep blue, occluded: light blue, inward occluded: green. Grey dots represent
731  all frames corresponding to TMD of outward occluded to inward occluded skipping the
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732  occluded state. This follows a pathway similar to sequential TMD from outward
733  occluded to fully occluded (blue circles), and fully occluded to inward occluded (teal
734  circles). rtGLUTS*™ TMD results can be found in Figure S3. D. Beads chosen for the
735  string simulations from the TMD projected onto the space defined by the IC and EC
736  gate distances for rGLUTS™<sc. The cloud of grey dots represent all gate distance
737  configurations through the TMD simulations, larger colored dots represent each initial
738  homology model, and the smaller colored dots represent the beads between each of
739  these models, which were chosen for the first iteration of the string-of-swarms method.
740  Beads for rtGLUTS5™" found in Fig. S4A. E. Free energy surface for rtGLUTS5™%. The
741  triangles and diamond illustrate the respective positions along the surface , for the
742  homology model states: outward open (top left triangle), fully occluded (diamond), and
743  inward open (bottom right). F. Free energy surface for rGLUTS™ s with the same
744  homology model projection as in E.

745
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747  Fig.3 D-fructose becomes highly-coordinated in the occluded conformation. A.
748  Anoverview of a representative binding pose of fructose in the fully occluded GLUTS,
749  coloring as in Figure 1. The D-fructose C1 hydroxyl group is for orientation purposes
750  colored brown and shown as enlarged spheres. Selected interacting residues shown as
751  sticks, and possible hydrogen bonds (as in panel D) are indicated by dashed lines. B.
752 Sugar coordination of the fructose-bound simulations superimposed onto the free
753  energy landscape for rGLUTS5™ s colored according to the frequency of the most
754  populated cluster in each bin, therefore darker colors indicate a more consistent pose
755  (see Methods for bin description). Snapshots extracted from two bins, corresponding to
756  the outward open or occluded states respectively, depicting ~70% of total pose
757  variability (see Table 3 in Methods) are shown as inserts. GLUTS helices, D-fructose,
758  and CI1 hydroxyl group shown as in A. C. The coordination of fructose is oriented the
759  same as previously determined glucose positions, such as in P/HT1 (PDB:6rw3, pink).
760  The C6 hydroxyl group is shown as an enlarged sphere colored tan, and the C1 hydroxyl
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761  group in brown as in A. The fructose pose chosen here is the most populated cluster, as
762  seen in Methods, Table 3. D. The distribution of distances of indicated fructose
763  hydroxyl groups to certain side chains. Distances shown originate from the most
764  populated cluster in the occluded state bin (Table 3, Methods).
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765

766  Fig. 4 The coupling between the extracellular gate TM7b and the intracellular
767  gate TM10b. TM7b angle for rtGLUTS5e™ (left) and rGLUTS<¢(right) superimposed
768  onto the respective free energy landscapes. This angle is calculated by measuring the
769  vector formed between residue groups i,ii,iii as shown on the protein cartoons (details
770  in Methods). The angle in the outward open state is approximately 130 degrees, and
771  will bend to nearly a 90 degree angle towards the inward-facing states.

772

25


https://doi.org/10.1101/2022.06.17.495601
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.17.495601; this version posted June 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

773

774
775
776
777
778

made available under aCC-BY 4.0 International license.

A. Figure 5
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Fig. 5 Relationship between sugar binding, TM10b mobility, and salt bridge
breakage. A. An overview of the residues connecting the coupling of TM7b breakage
during sugar binding to the movement of TM10b. The occluded state is represented
here. When N293 is pulled towards the fructose hydroxyl group on C4, TM7b is kinked,
and Y296 is rotated towards TM10. Y296 is then able to interact with H386 on TM10a.
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779  Colouring and objects shown as described in Figure 1. TM2, TM11, and ICH4 are
780  omitted for clarity, though the salt bridge residue R407 on TM11 remains. The inlay
781  represented highlights key interactions with the sugar and the Y296-H386 interaction.
782  Dashes represent possible hydrogen bond interactions (as shown in Fig. 3A and 3D, not
783  including Y296-H386). B. Relationship between TM7b angle and TM10b RMSD.
784  Circles colored correspond to bins with EC and IC values near the outward open
785  (purple), outward occluded (deep blue), occluded (light blue), and inward open (green)
786  conformations, respectively. The trajectory does not sample enough around the original
787  inward occluded model to enable its inclusion in the analysis. C. Relationship between
788 TMI10b RMSD and the average of the two state-dependent salt bridge network
789  distances. Coloring as in panel B. D. The salt bridge residues of GLUTS in three of the
790 major conformations, forming two main salt bridge groups, where interactions are
791 indicated by yellow dashes. State-dependent interactions are observed for the salt
792  bridge between E151-R401 (TM4-TM11) and E400-R158 (TM10-TMS5), which are not
793  observed in the inward open state (right, green). Protein coloring as in Figure 1, and
794  background coloring indicates states representing the same colors in panel B and C.

795
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796  Table 1 GLUT5 model and simulation details

Percentage
identity to
State Type of | ICHS Template structure (if PDB | rat Simulation
modeled model resolved? | applicable) code | GLUTS time (ns)
Outward Structure | Yes 4ybq | 100% 523
open
Outward Model Yes Human GLUT3 4zw9 | 40.8% 298
occluded
Fully Model No Plasmodium falciparum hexose | 6rw3 | 26.0% 381
occluded transporter (PfHT1)
Inward Model No E. Coli xylose transporter 4ja3 | 233% 158
occluded (XylE)
Inward open | Model No Bovine GLUTS 4yb9 | 76.7% 550
797
798

28


https://doi.org/10.1101/2022.06.17.495601
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.17.495601; this version posted June 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

799  Table 2 Summary of targeted MD simulations
rGLUTS5emty Qutward open - Inward open (condition 1)
Final heavy
atom RMSD
TMD number Starting configuration Target state Time (ps) (nm)
1.1 Out open structure Outward occluded 11,220 0.048415
12 TMD 1.1 final frame Fully occluded 10,890 0.050022
13 TMD 1.2 final frame Inward occluded 8,120 0.062960
14 TMD 1.3 final frame Inward open 10,780 0.052656
1.5 (skipping TMD 1.1 final frame Inward occluded 10,440 0.051464
occluded state
validation)
rGLUTSemety Inward open - Outward open (condition 2)
Final heavy
atom RMSD
TMD number Starting configuration Target state Time (ps) (nm)
2.1 In open homology model Inward occluded 9,620 0.066614
22 TMD 2.1 final frame Fully occluded 8,020 0.053146
23 TMD 2.2 final frame Outward occluded 7,760 0.058147
24 TMD 2.3 final frame Outward open 9,120 0.054561
2.5 (skipping TMD 2.1 final frame Outward occluded 11,840 0.048901
occluded state
validation)
rGLUTS!uctose Qutward open - Inward open (condition 3)
Final heavy
atom RMSD
TMD number Starting configuration Target state Time (ps) (nm)
3.1 Out open structure with fructose bound Outward occluded 8,500 0.065881
32 TMD 3.1 final frame Fully occluded 10,780 0.052316
33 TMD 3.2 final frame Inward occluded 12,630 0.059851
34 TMD 3.3 final frame Inward open 10,260 0.045643
3.5 (skipping TMD 3.1 final frame Inward occluded 12,480 0.055612
occluded state
validation)
rGLUTS!uctose Inward open - Outward open (condition 4)
Final heavy
atom RMSD
TMD number Starting configuration Target state Time (ps) (nm)
4.1 In open homology model with fructose Inward occluded 10,000 0.075750
bound
42 TMD 4.1 final frame Fully occluded 12,980 0.048203
43 TMD 4.2 final frame Outward occluded 11,780 0.049837
4.4 TMD 4.3 final frame Outward open 12,420 0.049001
4.5 (skipping TMD 4.1 final frame Outward occluded 12,480 0.049699
occluded state
validation)
800
801
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Table 3 Analysis of sugar binding pose in outward open and occluded states

Bin closest to: Outward open state
Total frames in bin: 1000

Total possible clusters for sugar pose: 217

Bin closest to: Occluded state
Total frames in bin: 690

Total possible clusters for sugar pose: 116

Percentage of

Percentage of

Number of total frames in Number of total frames in
Cluster number frames in cluster bin Cluster number frames in cluster bin
1 234 23.40% 1 447 64.78%
2 123 12.30% 2 52 7.54%
) 106 10.60% 3 24 3.48%
4 86 8.60% 4 23 3.33%
5 59 5.90% 5,6,7 3 0.43%
6 38 3.80% 8-12 2 0.29%
7 36 3.60% 13-116 1 0.14%
8-12 32-10 3.20% - 1.00%
13-16 5-2 0.50% - 0.20%
17-217 1 0.10%
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