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Abstract

The dense array of N-linked glycans on the HIV-1 Envelope Glycoprotein (Env), known as the "glycan shield", is a key
determinant of immunogenicity, yet intrinsic heterogeneity confounds typical structure-function analysis. Here we
present an integrated approach of single-particle electron cryomicroscopy (cryo-EM) and computational modeling to
probe glycan shield structure and behavior at multiple levels. We found that dynamics lead to an extensive network
of inter-glycan interactions and drive higher-order structuring within the glycan shield. This structure defines diffuse
boundaries between buried and exposed protein surface and provides a mapping of potentially immunogenic sites on
Env. Analysis of the same Env across a range of glycosylation states revealed that subtle changes in glycan occupancy,
composition, and dynamics can impact glycan shield structure and epitope accessibility. We also performed site-
specific mass-spectrometry analysis on the same samples and show how cryo-EM can complement such studies.
Finally, we found that highly connected glycan sub-domains are resistant to enzymatic digestion and help stabilize the

pre-fusion trimer state, suggesting functionality beyond immune evasion.

Introduction

The Human Immunodeficiency Virus Type 1 (HIV-1) Envelope Glycoprotein (Env) is the sole antigen on the surface of
the virion and has thus evolved several tactics for evading the adaptive immune system, chief among which is
extensive surface glycosylation[1-3]. Env has one of the highest densities of N-linked glycosylation sites known, with
~1/21 extracellular residues being glycosylated, accounting for ~1/2 the mass of the molecule[4-8]. This sugar coat,

referred to as the “glycan shield,” is common among viral fusion proteins and is believed to be a primary hurdle in the
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development of neutralizing antibodies against Env during infection and vaccination[9,10]. Given the importance of
the glycan shield to Envimmunogenicity, arriving at a consistent and general description of its structure and dynamics
may prove necessary in designing an effective Env-based immunogen and be of broader importance towards
understanding the structure and function of densely glycosylated proteins.

Structural analysis of proteins that are heavily glycosylated with N-linked glycans can be difficult because
they are relatively large and flexible post-translational modifications that vary in length, connectivity, and chemical
composition [11]. In general, they are composed of 10-20 sugar rings connected in a tree like structure to the
corresponding asparagine (Asn/N) residue (Figure 1E). The inherent heterogeneity of surface exposed glycans hinders
crystallization, therefore single-particle electron cryomicroscopy (cryo-EM) offers a more versatile solution for
structural analysis. Thus, the first structures of the fully glycosylated soluble SOSIP, as well as transmembrane derived
HIV-1 Env trimers were solved with cryo-EM[12,13]. In these reconstructions, most glycans were not resolved beyond
the first or second sugar ring except when stabilized by antibodies, indicating the glycan shield is highly dynamic. This
lack of immediately discernable structural features did not inspire closer analysis and structural studies remained
focused on Env-antibody interactions and epitope mapping, while experimental investigations into the glycan shield
shifted primarily towards chemical analysis via mass-spectrometry (MS) [11]. One crystallography study aimed
specifically at addressing glycan shield structure was recently published, and the data shows evidence for highly
stabilized glycans engaging in a wide range of glycan-glycan contacts [6]{27114034), which is at odds with the cryo-
EM results. Such a disagreement between the two techniques highlights the difficulty in studying the glycan shield
with a conventional structure-function approach.

Cryo-EM is not just a method for high-resolution structural analysis however, it is also a powerful tool for
studying heterogeneous systems such as Env[14]. Datasets are composed of thousands to millions of images of
individual molecules embedded in vitreous ice that ideally represent snapshots of that molecule in random states
drawn from its equilibrium ensemble. Unfortunately, low signal to noise ratios in the raw projection images limit their
interpretability and necessitates averaging to recover high-resolution features. This procedure boosts signal and
flattens noise in regions of high spatial homogeneity but causes blurring around flexible domains. Despite this,
heterogeneity can often be reduced to obtain higher resolution reconstructions or studied directly through
classification and other more sophisticated algorithms[14-16]. In general, these algorithms work best when
heterogeneity is discrete, and/or the variability exists between a few large structured domains. Surface exposed
glycans on the other hand, are both small (compared to larger protein domains) and their fluctuations are continuous
in nature. On the surface of Env there are on average ~95 glycans[6], each undergoing continuous thermal fluctuation.
Such heterogeneity is not possible to resolve at the atomic scale with cryo-EM given the huge number of degrees of
freedom. Despite this, cryo-EM maps still contain useful ensemble-average information about relative dynamics and
other sources of heterogeneity in the form of variations in signal intensity and resolution, and such features can be

analyzed quantitatively[17-24].
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69 Given the current limitations of cryo-EM, computational modeling can provide alternatives to augment these
70 studies[25]. Molecular dynamics (MD) simulations have been particularly useful as a complementary approach for
71 characterizing glycoprotein structure and dynamics[26-29], including HIV Env[6,30-32]. Three sets of atomistic
72 dynamics simulations of fully glycosylated Env trimers were recently reported and these predicted that
73 conformational dynamics would lead to extensive shielding of antigenic surface and the formation of complicated
74 networks among interacting glycans[6,31,32]. Although highly informative, MD simulations for systems as large as this
75 require substantial computational resources to access biologically relevant spatial and temporal scales. Therefore, the
76 development of more computationally efficient methods for modeling fully glycosylated Env is needed. In spite of
77 advances in modeling the glycosylated proteins however, there is still no established methodology for validating the

78  theoretical predictions with experimental data.

79 Here, we describe an integrated approach combining cryo-EM and computational modeling aimed at
80 illuminating glycan shield structure and behavior at multiple resolutions, from global (low resolution) to local (high
81 resolution) dynamics. First, we introduce a model system for cryo-EM analysis of the native glycan shield and examine
82 it's features with progressive filtering and 3-D variance analysis. In parallel, we developed a high-throughput modeling

83 pipeline for rapidly generating diverse ensembles of fully glycosylated Env models at atomistic resolution, enabling
84 quantification of glycan-specific geometric properties and concerted behavior within the glycan shield as a whole. We
85 then used these ensembles as ground-truth for the creation of synthetic cryo-EM datasets, which facilitated the
86 development of new analysis tools and enabled the validation of theoretical models against cryo-EM experiments.

87 Using this integrated approach, we show that the glycan shield is highly dynamic but exhibits variation
88 in regional dynamics between glycans due in part to crowding and other local geometric and energetic constraints.
89 We found dynamics give rise to networks of inter-glycan interactions that drive the formation of higher-order
90 structure within the glycan shield. This structure defines diffuse boundaries between buried and exposed protein
91 surface and provides a mapping of potentially antigenic sites on Env. Using Env expressed in three common cell lines,
92 we show how differences in glycan composition and occupancy between them result in changes to glycan shield
93 structure that affect the accessibility of epitopes on the surface. To better inform our results we present site-specific
94 mass-spectrometry (MS) data for the same samples and show how cryo-EM can complement such studies. Finally, by
95 exposing Env to slow endoglycosidase digestion and capturing reaction intermediates with cryo-EM in a time-resolved
96 manner, we found that highly connected glycan sub-domains are resistant to digestion and act to stabilize the pre-

97 fusion trimer structure, implying the glycan shield may function beyond immune evasion.

o9&
99  Results
100

101 Env in complex with a base-specific antibody as a model system for cryo-EM analysis of the native glycan shield
102 We choose BG505 SOSIP.664 as a model system to demonstrate our approach because it is the first and mostly widely

103 studied of the soluble, stabilized Envs[33,34]. Also, it is currently in the first ever human clinical trials of a trimeric
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104 subunit-based HIV vaccine (https://clinicaltrials.gov/ct2/show/NCT03699241). In Figure 1 we present a cryo-EM
105 reconstruction of BG505 SOSIP.664 expressed and purified from HEK293F cells in complex with three copies of the
106 non-neutralizing fragment antigen binding domain (Fab) derived from the antibody RM20A3, which was included to
107 improve orientation bias (as illustrated by the 3-dimensioinal (3-D) angular distribution histogram - Figure 1F). This
108 complex will be referred to as BG505_293F from here on. In addition, RM20A3 binds to the base of the SOSIP at a
109 neo-epitope only accessible on the soluble trimer (Figure 1B) that is devoid of glycans (Figure 1D). This leaves the
110 native glycan shield unperturbed, making the SOSIP/base-Fab complex ideal for this study.

111

112 Conventional cryo-EM analysis confirms the glycan shield is highly dynamic and that dynamics vary among glycans
113 Cryo-EM maps contain structural information that varies across both resolution and intensity scales. Yet the typical
114 workflow involves isolating just a single point within this scale-space for interpretation and model building. Usually, a
115 map is filtered to the reported global resolution, then sharpened to enhance the highest-resolution features. Finally,
116 the data is thresholded, or contoured, at some intensity level so that no voxel of lesser value is displayed. The surface
117 constructed from this thresholded map is called an isosurface. This way of viewing and interpreting cryo-EM
118 reconstructions is well suited for the typical goals of structural biology, but when the reconstruction contains
119 variations in resolution and intensity, as is often the case for flexible and dynamic molecules and molecular complexes,
120 asingle map processed in this manner is of limited value.

121 The limitations of this single-map approach are well illustrated in the context of fully glycosylated Env, as
122 shown in Figure 1. The global resolution of this C3-symmetric reconstruction determined by Fourier shell correlation

123 (FSC) was ~3.1A (Supplemental Figure 1). The bulk of the Env protein structure is at or below the global resolution

124 (Figure 1C) and ~80% of the Env amino acid (aa) residues could be confidently built into this map, with missing residues
125 occurring around the flexible variable loops 1, 2, 4, and 5, the HR1 helix, and the N and C-termini. Most of the N-linked
126 glycans (colored green) on the other hand, are ill-defined beyond the core N-acetylglucosamine (NAG), and we can
127 only account for ~15% of the total glycan mass in this sharpened map (Figure 1D). Glycans located on the poorly
128  resolved flexible loops (N185e, N185h, N339, N398, N406, N411, N462) could not be identified at all, however MS
129 analysis confirms that all the potential N-linked glycosylation sites (PNGS) predicted from the sequence are indeed

130 glycosylated[35] (Supplemental Figure 12A). This indicates that the glycan shield is highly dynamic with respect to the

131 protein core but exhibits some relative differences in ordering between glycans. In a later section, we show how to
132 quantify these differences more precisely. At a low threshold (Figure 1C), noise appears surrounding Env’s well
133 resolved protein core where the missing glycan mass should be, however it is not apparent if there exists any
134 meaningful structure within this noise.

135

136 Scale-space and 3-D variance analysis reveal interconnectivity and higher-order structure within the glycan shield
137 To look for potential structure within the glycan shield we first examined its properties across resolution scales by

138 progressively smoothing the map with a Gaussian kernel of increasing standard deviation (SD) and visualizing them at
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139 their noise threshold (Figure 2A). We use a simple topological metric for determining the noise threshold based on
140 connected components. A connected component is any connected and isolated group of 'on' voxels in a binary volume
141 orisosurface. In the language of topology, the number of connected components defines the Oth Betti number of the
142 map at that threshold[36]. When the log of this number is plotted as a function of intensity for the series of filtered

143 maps shown in Figure 2A we see the same general trend (Figure 2B and Supplemental Figure 7C). The initial rise-and-

144 fall corresponds to high-intensity features emerging, growing, and merging, while the second sharp peak corresponds
145 to low-intensity noise. We defined the noise threshold as the lowest intensity point in the local minimum between
146  thesignal and noise peaks (red circles Figure 2B).

147 Examination of this series of filtered maps reveals progressively more structural features in the glycan shield.
148 At higher SD, there is a dramatic expansion of non-protein signal. In Figure 2C we plot the noise threshold as a function
149 of SD as well as the total volume at the noise threshold. Both curves have a sigmoidal shape, with a rapid reduction in
150 the noise threshold and concurrent increase in volume, followed by a plateau around ~1.5-2 SD. We interpret this
151 plateau as indicating there is negligible gain in signal with further smoothing. Although volume dilation with
152 decreasing threshold is normal for cryo-EM maps, the amount of dilation surrounding regions known to be
153 glycosylated is greater than around regions that are not. This is well illustrated by plotting cross-sections through the
154  six maps (Figure 2D).

155 Having identified the proper resolution scale for analyzing the glycan shield, we examined how its features
156 change with intensity. The series of thresholded maps shown in Figure 2E illustrate how the topology of the glycan
157 shield changes dramatically with intensity, becoming increasingly interconnected. Signal from individual glycans
158 begins as isolated components then merges with neighboring glycans to form higher-order, multi-glycan structures.
159 While the threshold needed to best capture the structure and connectivity of the glycan shield is not well defined, the
160 higher order structure formed by neighboring glycans is clearly seen as the threshold is decreased.

161 As a complementary approach for visualization and characterization of the glycan shield, we performed 3-D
162 variance analysis on the same dataset using the function sx3dvariability from the SPARX software package[37,38]

163 (Supplemental Figure 2). We see high variability around the constant domains of the Fabs (clipped from view) as well

164 as loops and the exterior of the protein surface at the sites of N-linked glycans. In particular, variability in the glycans
165 is highest at the distal ends of the glycan stalks and expands outward as the threshold is reduced. Top and side views
166 of the SPARX 3-D variability map are shown at three intensity thresholds and it exhibits features similar to the Gaussian
167 filtered maps. In particular, non-uniform intensity across the surface (between glycans) and interconnectivity at low
168 threshold. It is clear from the 3-D variability map how the higher-order structure within the glycan shield acts to
169 occlude nearby non-glycosylated protein surfaces (red arrow - Supplemental Figure 2B).

170
171 A high throughput atomistic modeling (HT-AM) pipeline for generating large ensembles of glycosylated Env

172 Cryo-EM cannot capture atomistic details of individual molecules, and all-atom MD simulations of fully glycosylated

173 Env requires extensive computational power and time. To overcome these limitations, we employed a high
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174 throughput atomistic modeling (HT-AM) pipeline based around the ALLOSMOD package of the MODELLER software
175 suite. The glycan modeling functionality in the ALLSOMOD package was developed for generating ensembles of
176 heterogeneous glycoprotein models to simulate small-angle X-ray scattering (SAXS) profiles[39] and has since been
177 used to generate small ensembles glycosylated Env[40]. This methodology accounts for both energetic and spatial
178 constraints on glycan sampling by a combination of empirical energy minimization and simulated annealing (described
179 in detail by Guttman et al. [39]). Here, we have built on this by integrating a stereochemical check on the protein
180 backbone as an intermediate step for rigorous selection of the underlying scaffold and utilized it to generate much
181 larger ensembles of 1000 fully glycosylated Env structures (Figure 3). Ten such models are shown in Figure 3C, one
182 from each protein scaffold, while the full set of models at a single PNGS is shown in Figure 3D. We also repeated the
183 simulation with uniform mannose-5 (Man5) glycosylation for comparison.

184 To determine if our simulations converged, we first calculated the root mean-squared fluctuation (RMSF)
185 for each glycan (see Methods) across all 2000 models after aligning the protein scaffold (Figure 3E), then compared it

186 to the average of randomly selected equally sized subsets (Supplemental Figure 3D). We see that the mean RSMF

187 values between the subsets are nearly identical and the standard deviations from the means are very small, indicating
188 convergence. A similar trend can be seen for the per-glycan sampled volumes (Supplemental Figure 3E).

189

190 HT-AM generated models captures spatial and energetic constraints on glycan flexibility

191 Having verified that our simulations converged, we could then analyze the RMSF values more closely to assess how
192 spatial and energetic constraints affect the flexibility of individual glycans. It is clear from Figure 3E that our method
193 captures variability between glycans, and the additional flexibility imparted by the 10 starting protein scaffolds can be
194 appreciated by comparison to the glycan only RMSF (Figure 3F). For example, glycans located on the flexible loops
195 have a much higher RMSF than all the other glycans (185e, 185h as well as 406 and 411) whereas glycans at the N262,
196 N301, N332, N448, and N611 sites for example, have lower RMSF. This leads to a large difference in sampled volumes

197 between the most and least dynamic glycans (Supplemental Figure 5A). We also see an increase in average RMSF

198 within a single glycan as a function of glycan residue number starting from the first NAG (Supplemental Figure 3C),

199 which is in line with the cryo-EM results showing reduced resolution beyond this residue (Figure 1D).

200 We see a similar trend in the average RMSF values from the Man5 ensemble (Supplemental Figure 4A-B).

201 Interestingly however, by comparing the average RMSF values of the 5" mannose residue in both the Man5 and Man9

202 ensembles, we find a slight increase in RMSF and volume at most sites (Figure 3G and Supplemental Figure 4D). We

203 attribute this effect to restricted sampling in the glycan canopy from the more massive Man9 glycans. In support of
204 this, we see a positive correlation between glycan flexibility and a measure of local glycan density (see Methods),

205 however only when considering relatively large neighborhoods (Supplemental Figure 6A). A similar trend was

206 observed by Stewart-Jones et al. which they attribute to different "shells" of influencing glycans[6]. Such higher-order

207 dynamic effects could be possible in light of our structural observations.
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208 However, crowding from neighboring glycans is not the only factor that can influence glycan flexibility, it can
209 also be influenced by the local protein structure. In our modeling pipeline, the protein backbone was kept
210 harmonically restrained close to the template structure to allow for extensive sampling of glycan conformations using
211 simulated annealing, without leading to unfolding of the underlying protein. Thus, we see that the Asn sidechains of

212 residues 88, 160, 197, 234 and 262 all have very low RMSF (Supplemental Figure 3F), possibly stemming to some

213 extent from limited torsional space available during modeling. The glycosylated Asn residues in gp41 have relatively

214 low RMSF as well (N611, N618, N625, and N637), being situated on stable helical bundles (Supplemental Figure 5B).

215 This ultimately results in a relative reduction of the glycan dynamics at some of these sites (Figure 3C). Correcting for
216 the contribution to fluctuations coming from the underlying protein, we observed that the RMSF between the
217 different glycans are comparable, ranging from 3 A to 5 A, with similar scale of SD (Figure 3F).

218

219 Synthetic cryo-EM maps generated from the HT-AM ensembles reproduce global features of the glycan shield
220  from experimental cryo-EM data

221 We showed the HT-AM pipeline converges computationally and captures variation in the flexibility of individual
222 glycans. However, to assess if it converges on physiologically relevant dynamics, the results need to be validated
223 against experiments that can capture the same ensemble-average observables. Given the single-molecule nature of
224 cryo-EM datasets, the heterogeneous ensemble generated by the HT-AM pipeline can be seen as representing the
225 individual particles that went into the 3-D reconstruction. With that in mind, we established a protocol for
226 transforming the HT-AM ensembles into synthetic cryo-EM dataset (Figure 4A). Each of the 1000 models was first
227 transformed into an mrc volume then projected (with or without noise) at 100 uniformly distributed angles. This
228 combined dataset of 100,000 projections was then refined and reconstructed in RELION[41] (Figure 4B). For
229 comparison, we replicated the protocol for the Man5 ensemble as well as a protein-only ensemble (referred to as
230  BG505_Man9, BG505_Man5, and BG505_PO respectively).

231 The simulated cryo-EM map reproduced some of the defining features of the experimental data. Like in the
232 experimental map, refinement was dominated by the stable protein core and only the first few sugar residues at each
233 site are defined at the global FSC resolution and high intensity thresholds (Figure 4B). We replicated the scale-space
234 analysis from Figure 2C on the simulated maps and observed a similar trend, with the plateau again appearing around

235 1.5-2 SD (Supplemental Figure 7A-B). In fact, the volume of the 1.5 SD map contoured at its noise threshold closely

236 approximates the total sampled volume measured directly from the atomic models (dashed line). When comparing
237 BG505_Man9 to the curves produced from the BG505_Man5 and BG505_PO reconstructions, the additional glycan
238 volume recovered by the filtering and thresholding process is apparent, indicating cryo-EM can detect global changes
239 in glycosylation between reconstructions. After filtering, we observed a similar threshold-dependent evolution
240 towards a more connected topology (Figure 4C), where at the lowest thresholds the majority of the protein surface is
241 occluded, and the glycan shield is completely interconnected. We even replicated the SPARX 3-D variability analysis

242 on the simulated Man9 dataset and observed very similar results (Supplemental Figure 8A). By comparing the SPARX
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243 method to the true per-voxel 3-D variance calculated without projection and refinement, we confirmed there is

244 negligible difference between the two (Supplemental Figure 8B). These results suggest the HT-AM pipeline can

245 capture globally similar features to the experimental data, however we would like to assess the accuracy of the models
246  atamore local level.

247

248  Measuring individual glycan dynamics from synthetic cryo-EM maps

249 Cryo-EM maps represent the average structure of all the particles that went into their construction after alignment
250 to a common reference, and therefore if each molecule is chemically identical, the intensity at a particular voxel will
251 correlate with the probability of atoms occupying that location. Thus, measuring intensity around individual glycans
252 should allow us to assess dynamics and make direct comparison to the RMSF values calculated form the HT-AM
253 ensemble. To do this, we first built and relaxed idealized glycan stalks into the 1.5 SD Gaussian filtered BG505_Man9
254 simulated map (Figure 5A) at every PNGS we could confidently identify (23/28 possible glycans per monomer). We
255 could not identify the V2 and V4 loop glycans N185e, N185h, N406, and N411, which have the highest RMSF values,
256 and the glycan at N339, which has a lower RMSF but projects directly towards the heterogeneous V4 loop. The average
257 X, Y, and Z coordinate of each -mannose (BMA) residue (third sugar ring) was used to analyze the local environment
258 around each glycan (Figure 5A). By comparing the normalized inverse RMSF and normalized mean intensity at the
259 location of each BMA residue for the Man9 dataset we observe a strong positive correlation between intensity and
260 inverse RMSF (Figure 5B), with a correlation coefficient of ~0.89 (p=8e-8) occurring at a probe radius of 1.725A using
261 a 0.5 SD Gaussian filtered map (see Methods). Thus, local intensity around BMA residues accurately captures ground-
262 truth differences in relative flexibility between glycans and can be used to validate our results against the experimental
263  data.

264

265 The HT-AM pipeline reproduces physiologically relevant trends in glycan dynamics measured by cryo-EM

266 With a method in place for measuring glycan flexibility from cryo-EM maps, we could then make direct comparisons
267 to the experimental data. First, we built and relaxed glycan stalks into the 1.5 SD Gaussian filtered BG505_293F map
268 as described above using the refined model as a scaffold. We could identify clear signal at 21/28 PNGS, two less than
269 from the simulated map, suggesting the glycans at N398 and N462 are more dynamic than captured by the simulation.
270 However, the fact that the other V2 and V4 loop glycans could not be identified in both maps means the simulated
271 dynamics agree with our experimental data at least up to the detection limit of the method. Overall, we found the
272 HT-AM pipeline captures a similar trend in ordering with a correlation coefficient between the two of ~0.46 (p = 0.03)
273  (Figure 5D).

274 We observe deviations from the experimental results around a few glycans. In addition to the V4 and V5 loop
275 glycans at N398 and N462, we also see a large deviation at N137 on the V1 loop. The V1 and V5 loops are both dynamic
276 in the experimental data (as determined by reduced resolution) but were not modeled in the simulations, therefore

277 differences are to be expected at these sites. Outside of V loops, two major deviations occur the N262 and N301


https://doi.org/10.1101/839217
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/839217; this version posted November 12, 2019. 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.

278 glycans. In the BG505_293F map, the glycan at N262 is the most ordered due to its stabilizing contacts with the gp120
279 core, and these interactions may not be accurately captured by the simulation given the restricted protein dynamics.
280 The glycan at N301 on the other hand, is dynamic in the BG505_293F map but showed both low Asn RMSF and low

281 glycan RMSF during the simulation (Supplemental Figure 3F and Figure 3E). In gp41, a large deviation also occurred at

282 the N611 glycan, which is dynamic in the BG505_293F map. We attribute these differences to restrictive sampling at

283 the protein backbone level as previously discussed (Supplemental Figure 5). To complicate the comparison, the N618

284 and N625 sites are significantly under-occupied as revealed by MS (Supplemental Figure 10). As we show in the next

285 section, sub-occupancy will cause a reduction in local signal intensity due to averaging, which will corrupt
286 measurements of glycan dynamics and even affect the dynamics and processing of neighboring glycans.

287 Overall, the positive correlation between the experimental data and theoretical predictions shows that the
288 HT-AM pipeline can capture physiologically relevant glycan sampling when protein dynamics are small. In addition, it
289 establishes that cryo-EM can be useful for validating theoretical predictions of glycan dynamics from atomistic
290  simulations.

291

292 Detecting site-specific changes in of glycan dynamics, occupancy and chemical composition from synthetic cryo-
293  EM maps.

294 Using the methodology presented above we should be able to detect site-specific changes in dynamics and occupancy
295 between differentially glycosylated Env. To test this, we performed a comparative analysis between the BG505_Man9
296 and BG505_Man5 synthetic reconstructions. Given that Man9 and Man5 glycans are identical up to the 5" mannose
297 residue, the only changes in intensity around the BMA residue should arise from differences in dynamics alone. On
298 average, we see a ~17% reduction in intensity indicative of increased dynamics, which is in line the RMSF data (Figure
299 6A). We also accurately detect the largest increase and decrease in dynamics at the N262 and N234 sites respectively.
300 To verify we could detect changes in occupancy, we removed the glycan at the N625 site from half of the
301 models and re-refined the data (referred to as BG505_Man9HO for “half occupancy”). Not surprisingly, we see a near
302 50% reduction in mean intensity from the fully occupied reconstruction around this site (Figure 6A). The glycan at
303 N625 is one of the most dynamic, so the relative intensities do not change much, however, this shows how sub-
304 occupancy can affect measurements of flexibility, and thus should be taken into account when making comparisons
305  totheoretical estimates.

306 Another technique that should be sensitive to subtle changes between similar cryo-EM maps is difference
307 mapping, which involves subtracting one cryo-EM map from another. Indeed, the change in occupancy at the N625
308 site is apparent in the BG505_Man9 - BG505_Man9HO difference map (Figure 6B). At high intensity, the signal is
309 localized around the glycan stalk and extends to the protein surface. Even at low threshold there is still no other
310 detectable difference between the two independent reconstructions. In the BG505_Man9 - BG505_Manb5 difference
311 map however (Figure 6C), the difference signal is strongest where the distal tips of the Man9 glycans would be, but

312 expands to include the entire additional sampled volume at low threshold. Shown below for comparison is the
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313 BG505_Man9 - BG505_PO difference map, which isolates the full contribution of the glycan shield to the cryo-EM

314 reconstruction (Figure 6D). These results establish cryo-EM as a tool for measuring glycan dynamics as well as changes

315  inchemical composition and occupancy.
316
317 Insights gained from analysis of synthetic cryo-EM data allow improved characterization of cell-type specific

318 differences in glycan shield structure, dynamics, and chemical composition

319 We illustrated using simulated data that cryo-EM is capable of capturing subtle changes in glycan structure, dynamics,
320 and chemical composition, so next we sought to test this experimentally. To do so, we collected cryo-EM data on
321 complexes of the RM20A3 Fab and BG505 SOSIP.664 expressed in two additional common cell lines that produce
322 major and minor changes in glycosylation; HEK293S (GnT-) cells, and a stable CHO cell line (referred to as BG505_293S
323 and BG505_CHO respectively). To complement this analysis, we also present site-specific MS data on all three samples

324 (Supplemental Figure 12). The CHO cell line expressed BG505 SOSIP.664 sample was provided to use by KBI Biopharma

325 as part of the GMP test-run conducted prior to the currently on-going human clinical trials and therefore should be
326  identical to the final vaccine product[42].
327 Both the BG505_CHO and BG505_293S datasets refined to ~3A-resolution (Supplemental Figure 1) and we

328 observe nearly identical Ca positions between the three structures (Supplemental Figure 1). In addition, we

329 performed the same scale-space analysis shown in Figure 2A on each map (Supplemental Figure 7D-F), as well as

330 SPARX 3-D variability analysis (Supplemental Figure 11), and observed very similar results. Changes in site-specific

331 mean intensity highlight primarily the glycans on gp41 as having the most cell-type specific differences (Figure 7A), in
332 line with the MS data.

333 The 293S sample lacks complex glycans (Supplemental Figure 12) and should therefore allow detection of

334 complex or hybrid type glycans via difference mapping. Indeed, we see strong difference signal around the gp41
335 glycans in both the BG505_293F - BG505_293S and BG505_CHO - BG505_293S difference maps (Figure 7C-D), which
336 are primarily complex and the most under-occupied as seen by MS. We also observe signal around the primarily
337 complex glycan at N88 (Figure 7G). At low thresholds, this difference signal forms a large belt around the base of the
338 trimer, illustrating the impact of glycoform distribution and occupancy on glycan shield structure. In addition, clear
339 difference signal appears around the V2, V4, and V5 loops, specifically near the glycans at N185e and h, N398, and
340 N462, all of which are shown to be complex by MS. The MS data also shows subtle difference in both occupancy and
341 percentage of complex glycans at the N398 site between 293F and CHO cell lines, which could explain why there is
342 strong difference signal in one difference map and not the other (Figure 7C-D). The only significant differences in
343 occupancy between the 293F and 293S samples occur at the N137, N133, and N611 sites. We detect subtle difference
344  signal around the N137 site but not N611.

345 The MS data also shows reduced occupancy of the CHO sample compared to 293F at multiple sites

346 (Supplemental Figure 12). Indeed, upon closer examination we see that the difference signal around the gp41 glycans

347  atN611, N618, and N625 in the BG505_293F — BG505_CHO difference map extends all the way to the protein surface
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348 (Figure 7H), indicative of changes in occupancy. In this difference map as well, there is clear signal around the N137
349 site (confirmed by MS) and to a lesser extent at the tip of the N332 glycan stalk (Figure 71). Given the proximity of
350 N137 and N332, it is plausible that sub-occupancy at one is driving changes in dynamics and/or glycan distribution at
351 the other. Additionally, as the CHO sample came from the pre-trial GMP test-run, these observations have clear clinical
352  implications.

353

354 Development of a probabilistic glycan-glycan interaction network reveals highly connected glycan sub-domains
355 So far in this study we have primarily focused on quantifying and validating dynamics at the individual glycan level,
356 but we were also interested in examining concerted behavior within of the glycan shield as a whole. Both the
357 experimental and simulated cryo-EM data show extensive interconnectivity among glycans and higher-order
358 structuring, so we sought to quantify these more precisely using the HT-AM ensembles. With each glycan in our
359 models sampling a particular volume in space, neighboring glycans can explore overlapping volumes. The fraction of
360 this overlap gives a measure of the interaction probability between glycans. Figure 8A shows a heat map of the
361 normalized glycan-glycan volume overlap. It can be seen that overall, there are three main regions of overlap, — the
362 V1/V2 apex, the gp41 base, and the densely occupied gp120 outer and inner domains that includes the high-mannose
363 patch (HMP). The inter-protomer overlaps are contributed mainly by the V1/V2 glycans. The nomenclature we use
364 here was inspired by the established nomenclature for gp120 structure[43], however our definitions of each domain

365 were adapted to better capture glycan shield structure (Supplemental Figure 15).

366 To confirm this apparent structural organization, we employed graph theory to capture the glycan shield
367 topological network by interpreting the volume overlap matrix as the adjacency matrix. For our network, each glycan
368 was defined as a node of the graph, and two nodes are connected by an edge if there is at least 5% overlap (Figure
369 8B). Only those glycans from the neighboring protomers are considered that have an inter-protomer edge. Additional
370 details on network construction are provided in the Methods section. Figure 8C shows the obtained network with
371 respect to the Man9 ensemble unfolded in 2-D for the ease of visualization. The nodes in the central region around
372 the V4 loop, which is the general location of the HMP, are very highly interconnected. While in the V1/V2 apex domain
373 is also reasonably well-connected. The connections at the base near gp41 are sparse, both locally and globally with
374 the rest of the network. The analysis was repeated for the Man5 ensemble and we observe reduced overall
375 connectivity as measured by the mean node degree that goes down from ~7 to ~5 and the maximum network

376 diameter that increases from 5 to 8 hops, consistent with their smaller size (Supplemental Figure 13). Glycan 355

377 remains as the only connecting node between the apex/HMP and base regions of the Man5 network.

378 With a network in place we can analyze the relative influence of each glycan on the whole system and
379 examine its long-range structure. To do this we calculated the relative eigenvector centrality of the nodes, which is
380 given by the sum of the centrality values of the nodes connected to it. Effectively, importance of each node is
381 determined by the total importance of all its direct neighbors. The normalized eigencentrality of the glycans are

382 projected on the network as a colormap in Figure 8C. We see that the high mannose patch glycans at N332, N339,
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383 N363, N386, and N392, which are densely connected within the network, have strong eigencentrality measures,
384 presumably as a reflection of their dense packing. At the apex region at the V1/V2 loop, glycans 133, 160 and 185e/h
385 have relatively high eigencentrality, and have clear connections with the other glycans in the shield. On the other
386 hand, glycans 88, 234, 276, and those in gp41 have low eigencentrality, reflecting low interaction probabilities.

387 Incorporated intrinsically into the network is a set of stable sub-graphs that represent highly connected
388 glycan clusters, as is evident in the adjacency matrix (Figure 8A). To illustrate the hierarchy of these clusters we

389 progressively stripped the network using tighter overlap cutoffs (Supplemental Figure 14). As the network is

390 degraded, we first see the formation of two large sub-graphs; one composed of the V1/V2 apex and the gp120 outer
391 domains regions; and the second composed of the gp120 inner domain along with gp41 base glycans. With a more
392 stringent threshold, the sparsely connected glycans with low eigencentrality separate out and the two sub-graphs
393 split again to form four domains; a V1/V2 apex domain; a gp120 outer domain; a gp120 inner domain; and lastly, the
394 group of unconnected gp41 base glycans (Supplemental Figure 15).

395

396 Highly connected sub-domains within the glycan shield are resistant to enzymatic digestion and critical to the

397  stability of the pre-fusion trimer

398 Experimentally validating the proposed interaction networks and sub-domain structure is not as straightforward as
399 validating individual glycan dynamics. However, we hypothesized that highly connected glycans would be protected
400 from enzymatic digestion and conversely that sparsely connected glycans would be more susceptible. If confirmed, it
401 could provide indirect validation of our network models. To test this, we exposed the BG505_293S sample (already
402 complexed with RM20A3) to digestion by Endoglycosidase H (Endo H) and performed cryo-EM on samples after 2hrs
403 and 16 hrs of digestion. Endo H cleaves only high-mannose type glycans between the first and second residues, leaving
404 the core NAG attached (Figure 9A). The datasets, referred to as BG505_EndoH2 and BG505_EndoH16, reconstructed
405 to ~3.2A and 3.5A respectively, with similar overall quality, resulting in highly similar atomic models (Supplemental
406  Figure 1).

407 Using the methods presented above, we characterized the glycosylation state at each PNGS from the two
408 digestion intermediates. Indeed, we found that digestion occurs non-uniformly between glycans (Figure 9B). This was

409 confirmed by the difference maps (Figure 9C) and SPARX 3-D variability analysis (Supplemental Figure 11). SDS-PAGE

410 and SEC chromatography also confirmed a gradual reduction in molecular weight with Endo H treatment

411 (Supplemental Figure 16), while scale-space analysis of the cryo-EM maps confirms an overall reduction in glycan

412 shield volume (Supplemental Figure 7D-F).

413 If we assume a linear relationship between intensity and occupancy and use the MS data to determine the
414 initial occupancy at each site, we can calculate the percent occupancy after digestion (Figure 9B). After 2 hours we

415 see complete digestion of the gp41 glycans (N611-637) while some glycans, particularly those at the high-mannose
416 patch (N197, N295, N332, N363, N386, N392, and N448), remain mostly intact. Apparent in the 0-2hr difference map

417 only is signal around the V2, V4, and V5 loop glycans (Figure 9C). This indicates the dynamic V-loop glycans are highly
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418 susceptible to digestion. We also found partial occupancy at a few sites, suggesting non-uniform digestion between
419 the particles. For example, the apex glycans at N156 and N160 as well as the glycans at N133, N197, and N234 all
420 showed partial signal reduction. After 16 hours we saw almost complete digestion of the glycan shield, with only
421 reduced occupancy detected around the previously discussed cluster composed of the N363, N386, N137, and N197
422 glycans, as well as a cluster composed of the N295, N332, and N448 glycans. In addition, the highly protected glycan
423 at N262 remained completely intact after 16 hrs.

424 By quantifying the degree of protection from Endo H (see Methods) and comparing it to the predicted
425 eigencentralities from the proposed network model, we obtain a correlation coefficient of ~0.8 (p=1.14e-05),
426 suggesting highly connected glycans are resistant to enzymatic digestion (Figure 9E). Also evident is the similarity

427 between the persistent glycan clusters and the sub-graphs presented in Supplemental Figure 14 and 15. The stripping

428 protocol used to define the sub-graphs can be seen as mimicking the gradual digestion by Endo H, and the stable
429 subnetworks that persist closely match the glycan clusters remaining after digestion (Figure 9D). Thus, confirming our
430 initial hypothesis, and providing indirect experimental validation of our proposed network models.

431 Surprisingly, 3-D classification of the Endo H digestion intermediate datasets (Supplemental Figures 17-19)

432 revealed an increasing degree of protein unfolding and subunit dissociation that appeared to initiate from the V1-3
433 loops in the trimer apex. We identified 4 distinct classes; a stable trimer, unfolding V1-3 loops, dissociated gp120, and
434 a monomer/dimer class (Figure 10A). A "junk" class was also detected, which could be more highly degraded sample
435 or misclassified contaminants left over from picking. As the reaction progressed, the percentages of the unfolded
436 trimer classes increased, while the percentage of stably folded trimers decreased (Figure 10B). Although it cannot be
437 easily confirmed, the unfolded trimers within these datasets are likely to be more completely de-glycosylated than
438 the particles that make up the stable trimeric classes. Thus, it would appear that the highly connected glycan sub-
439 domains are not just resistant to Endo H digestion but are also critical to maintaining the stability of the pre-fusion

440 trimer structure, suggesting glycan shield may function beyond immune evasion.

441

442  Discussion

443 The HIV-1 Envelope glycan shield is a remarkable example of post-translational modification. Composed on average
444 of ~95 N-linked glycans per Env trimer, it nearly doubles the mass of the molecule, making Env one of the most densely
445 glycosylated proteins known. Despite its central role in steering the development of neutralizing antibodies against
446 Env, structural and physical models of the glycan shield are incomplete. Towards that goal, we presented an integrated
447 experimental and theoretical approach aimed at illuminating glycan shield structure and behavior at multiple levels.

448 Prior to this study, there were conflicting reports of glycan shield structure from cryo-EM and X-ray
449 crystallography measurements[6,12,44]. Our results support the previous conclusions from cryo-EM experiments that
450 the native glycan shield is highly dynamic with respect to the protein core. We did not observe stabilized glycan-glycan

451 interactions like those reported in crystal structures of the same clone[6]. In contrast, we only observed diffuse higher-
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452 order structure at low resolutions, indicative of averaging over a large ensemble of heterogenous conformations. The
453 topology of this ensemble-average structure is highly connected; however, this does not prove glycans engage in
454 specific interactions, only that they sample overlapping volumes and can potentially interact. There were several
455 methodological differences between the crystallography and our cryo-EM studies that could contribute to the
456 apparently contradictory results. For example, the crystal structures included two bound bnAb per monomer to
457 facilitate crystal packing, both of which engage multiple glycans and disrupt the native dynamics and higher-order
458 structure. Desolvation of mobile waters embedded within the glycan shield during crystallization could also potentially
459 induce the stabilized glycan-glycan contacts observed. A favorable interpretation is that the crystal structures capture
460 physiologically relevant interactions and conformations, however artificially stabilized. This interpretation would fit
461 within the conclusions of this paper as well as the results of previous atomistic simulations [6,31,32], which show that
462 glycans can interact with one another, however more dynamically than the crystal structures suggest.

463 It is known that immune responses to Env preferentially target glycan-depleted surface area[9,10], and the
464 results presented here provide the first experimentally determined mapping of this surface. As the maps are
465 contoured from high to low intensity the glycan volume expands and the topology becomes more connected, while
466 the accessible surface area shrinks. Because intensity scales with the probability of a glycan occupying that region of
467 space, the "strength" of the shielding effect will too, and thus the boundaries delineating shielded from exposed
468 surface are diffuse. Assuming ergodic dynamics, the ensemble-average structure captured by cryo-EM should be
469 identical to the time-averaged dynamics of a single Env molecule at the temperature prior to vitrification. The
470 dynamics of highly flexible glycans on a single Env create a cloud/shield over the protein, similar to the continuous
471 appearance of a rapidly rotating fan. Thus, an approaching antibody with relatively torpid dynamics will effectively
472 "see" this ensemble-average structure. Eventually though, respective timescales will determine whether the antibody
473 can break through, similar to opportunistically inserting an object between the rotating fan blades. The cryo-EM maps
474 presented here do not perfectly capture the in-vivo structure of a single fluctuating Env because they are ensembles
475 averages of chemically heterogeneous molecules. Nevertheless, if one considers the net serum response to a vaccine
476 that itself contains the exact same heterogeneity as sample we analyzed here, then our cryo-EM structure still
477 provides an accurate mapping of the average surface exposure.

478 Expanding on our structural techniques, we demonstrated that cryo-EM is capable of detecting and
479 quantifying changes in glycan dynamics, as well as occupancy and chemical composition between differentially
480 glycosylated structures. The latter of which were exclusively provided by MS prior to this study. Thus, cryo-EM could
481 provide additional validation for these measurements while contributing valuable insight into the structural impact of
482 changes in glycosylation. For instance, semi-quantitative methods to assess the distribution of unoccupied sites have
483 only recently become available[45], and here we showed that cryo-EM is highly sensitive to occupancy. Our results
484 suggest there may be more substantial differences between the CHO and 293F samples than observed by MS, and
485 given the known impact of changes in glycosylation, in particular occupancy, on the immunogenicity of Env, this has

486 clear implications for the currently on-going human clinical trials that are based on the CHO purified Env trimer. In
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487 addition, we found that reduced occupancy at the N137 site opens up a large glycan hole at V1 and appears to impact
488 the composition and/or dynamics at the neighboring N332 site in V3 (Figure 71). Similar behavior was previously
489 observed via MS by comparing glycoform distributions before and after knocking out a particular glycan[46-48]. Such
490 higher-order effects on glycan processing and dynamics can be easily explained by our structural and computational
491 findings. Beyond the detection of changes in glycosylation, we found that glycan dynamics measured by local intensity
492 in the cryo-EM maps is strongly correlated with the extent of glycan processing measured by the percentage of high-

493 mannose type glycans at each site (Supplemental Figure 12B-C). Indicating the extent of processing at each site can

494 be predicted from cryo-EM maps alone. Processing was also correlated with susceptibility to Endo H digestion
495 (correlation coefficient = 0.6167, p = 0.0029). The relationship between these variables reflects their mutual
496 dependence upon local glycan density and protein structure, both of which can reduce dynamics and restrict access
497 of Endo H and glycan processing enzymes. Indeed, we also see a strong correlation between processing and the

498 measure of glycan crowding introduced earlier (Supplemental Figure 6D).

499 We showed the ALLOSMOD-based HT-AM pipeline is capable of reproducing key features of the
500 experimental data and obtaining physiologically relevant sampling at most glycan sites. Our work represents the first
501 case of using cryo-EM to validate atomistic models of glycoprotein ensembles, and in turn, their use in guiding cryo-
502 EM analysis. We found that glycan flexibility deviated from the experimental observations when the dynamics of the
503 underlying protein are greater than can be captured by the current pipeline. Thus, exploring solutions for enhanced
504 sampling of the protein backbone represents a clear route for improving accuracy of the pipeline. Another logical next
505 step is to use the experimental cryo-EM maps to steer the glycan modeling process, which has been successful at the
506 level of protein ensembles[21,49,50]. On the experimental side, our ability to accurately capture differences in glycan
507 dynamics from cryo-EM maps is limited by additional uncertainties that we did not quantify in this paper and could
508 therefore be contributing to the observed deviations. Improving upon the cryo-EM methodology will be equally as
509 important moving forward. Again, performing flexible fitting directly into the map could provide more accurate and
510 comprehensive assessments of variations in relative dynamics throughout the glycan shield in addition to improving
511 model accuracy. Finally, utilizing sequence engineering and different expression systems to achieve uniform
512 glycosylation, or conversely, modeling heterogeneous glycans at each site, could both allow for a more accurate
513  comparison between the simulations and cryo-EM maps.

514 The glycan interaction networks gleaned from our HT-AM ensembles are more challenging to validate
515 directly with cryo-EM. However, by capturing the gradual enzymatic digestion of the glycan shield in a time-resolved
516 manner, we found that the level of protection from Endo H digestion correlated strongly with the importance of each
517 glycan within the network as measured by eigencentrality. This observation makes sense considering high centrality
518 glycans are generally in densely packed regions within the glycan shield where Endo H would have a difficult time

519 accessing (Supplemental Figure 6E). Transient deflections of neighboring glycans away from a site can temporarily

520 expose it to digestion, but the probability of this occurring will be influenced by the local density and the dynamics of

521 the surrounding glycans. As the peripheral glycans were digested away it revealed a core set of highly connected

15


https://doi.org/10.1101/839217
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/839217; this version posted November 12, 2019. 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.

522 glycan sub-domains which showed close resemblance to the sub-graphs generated by defining a more stringent
523 overlap cutoff within the network. Although a direct comparison between our probabilistic network model and the
524 networks constructed from the MD simulations[31,32] would not be entirely accurate, we found they show a similar
525 overall structure. Taken together, these results lend strong support to the general accuracy of our network model,
526 which is an important validation considering the HT-AM pipeline does not robustly sample the protein backbones, nor
527  doesit capture temporal dynamics.

528 The observation that enzymatic de-glycosylation leads to progressive destabilization of the Env trimer was
529 somewhat surprising. The most recent investigations into the effect of glycan knockouts and de-glycosylation on Env
530 stability and viral infectivity suggest the glycan shield has little to no effect on either[51,52], however other studies
531 have found the opposite[53-55]. There is also ample evidence in the literature of glycans influencing protein dynamics
532 and folding, even in the case of Env[27,56-67], but the physical mechanisms responsible for these effects are diverse
533 and not fully understood. One potential mechanism is stabilizing interactions between the core NAG and neighboring
534 side chains, which are observed throughout Env and are common in other glycoproteins. However, Endo H leaves the
535 core NAG attached, so the stability must arise by another mechanism. We hypothesize that the dense packing of
536 glycans serves to dampen the underlying protein dynamics. In line with this, we observed an increase in glycan RMSF
537 when using Man5 in place of the larger Man9, which we interpret as more crowding in the glycan canopy (above the
538 stalks) leading to reduced dynamics closer to the protein surface. Furthermore, the correlation we observed between
539 Endo H protection and network eigencentrality suggests glycan-glycan interactions might also play a role. Even though
540 a single interaction may be weak, the combined effect of many such interactions in a densely glycosylated region
541 could become significant. The Endo H experiments provide an explicit mapping of the importance of each glycan
542 toward maintaining the integrity of the glycan shield and the overall stability of Env. This has clear implications for
543 rational vaccine design, where adding and removing glycans could have undesired effects on protein stability and the
544 structure of glycan networks. In addition, we found that instability originates from the trimer apex, around the V1-3
545 loops. This region of the structure is known to be metastable and to change conformation upon CD4 and co-receptor
546 binding[43,68]. Therefore, it is plausible the glycans in this region are contributing to maintaining stability of the pre-
547 fusion and pre-CD4 bound state. Finally, glycan induced stabilization of Env may enable hyper-mutation of the
548 underlying protein surface, thereby endowing Env with the ability to escape immune pressure with otherwise
549  deleterious mutations.

550 Looking beyond HIV-1 Env, the integrated cryo-EM and molecular modeling approach can be easily extended
551 to glycan shields from other viral fusion proteins such as Influenza, Ebola, Lassa, and Coronaviruses, and it represents

552 a potentially powerful tool for studying the structure and biophysical properties of glycoproteins in general.

553
554  Materials and Methods

555
556  BG505 SOSIP.664v3 expression and purification in HEK293F, 293S, and CHO cells
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557 BG505 SOSIP.664v3 was expressed and purified from HEK293F and HEK293S suspension cell cultures. Briefly, cell
558 cultures were expanded then transiently co-transfected with Env and Furin plasmid DNA. Expression was carried out
559 for 6 days followed by supernatant harvesting and protein purification via PGT121 antibody and size-exclusion
560 chromatograph. BG505 SOSIP.664 GMP was expressed and purified from a stable CHO cell-line as described in Dey,
561 etal., 2017 [42] and was provided to us by KBI Biopharma.

562

563  RM20A3 IgG isolation and Fab purification

564 The monoclonal antibody RM20A3 was isolated from a BG505 SOSIP.664 immunized rhesus macaque (rh2011) at
565 week 53, which was 1 week after the 6" immunization[69], using single cell FACS sorting and antibody cloning as
566 previously described[70]. A full description of the antibody will be presented in elsewhere. The RM20A3 Fab was
567  expressed and purified from HEK293F cells as described previously[71].

568

569  Ssite-specific mass spectrometry

570 The BG505 SOSIP.664 samples expressed in HEK293F and CHO cell lines were prepared for MS analysis as previously
571 described[35], and the HEK293S sample was prepared with slight modifications on that protocol. In brief, since glycans
572 from HEK293S cells are all oligomannose (Man5-Man9) BG505 SOSIP.664 samples peptide mixtures were
573 deglycosylated only with endoglycosidase PNGase F in 100mM ammonium bicarbonate prepared with O18-water.
574 The samples were analyzed on an Q Exactive HF-X mass spectrometer (Thermo). Samples were injected directly onto
575 a25cm, 100 um ID column packed with BEH 1.7 um C18 resin (Waters). Samples were separated at a flow rate of 300
576 nL/min on a nLC 1200 (Thermo). Solutions A and B were 0.1% formic acid in 5% and 80% acetonitrile, respectively. A
577 gradient of 1-25% B over 160 min, an increase to 40% B over 40 min, an increase to 90% B over another 10 min and
578 held at 90% B for 30 min was used for a 240 min total run time. Column was re-equilibrated with solution A prior to
579 the injection of sample. Peptides were eluted directly from the tip of the column and nanosprayed directly into the
580 mass spectrometer by application of 2.8 kV voltage at the back of the column. The HFX was operated in a data
581 dependent mode. Full MS1 scans were collected in the Orbitrap at 120k resolution. The ten most abundant ions per
582 scan were selected for HCD MS/MS at 25NCE. Dynamic exclusion was enabled with exclusion duration of 10 s and
583  singly charged ions were excluded.

584 The MS data were processed as previously[35]. The data were searched against the proteome database and
585 quantified using peak area in Integrated Proteomics Pipeline-IP2. For samples produced in HEK293F and CHO cells,
586 glycosites (N-X-T/S) with N + 203 were identified as sites with high mannose glycans removed by the initial Endo H
587 treatment (high mannose), the glycosites with N + 3 were identified as sites whose glycans were complex type glycans
588 removed by PNGase F, and glycosites with N+0 were identified as sites that had no glycan prior to endoglycosidase
589 treatments. Since samples produced in HEK293S are only high mannose, and were treated only with PNGase F, sites

590  with N+3 were identified as sites with high mannose.

591
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592  Endoglycosidase H digestion of BG505 SOSIP.664 for cryo-EM experiments

593 1.4 mg of purified BG505 SOSIP.664 from HEK293S cells in complex with RM20A3 was mixed with 80,000 units of
594 endoglycosidase H (Endo H; New England Biolabs) in non-denaturing reaction buffer to a final volume of 1ml and
595 incubated at 37°C for 2 hrs and 16 hrs (two separate reactions from the same master mix). To quench the reaction
596 and purify the sample for cryo-EM experiments, it was run over an SEC column and fractions were pulled and
597 concentrated. When the sample was used for MS or SDS PAGE, the reaction was heat quenched at 100°C for 10min.

598

599  Cryo-EM sample preparation for BG505 SOSIP.664 in complex with RM20A3

600 Purified BG505 SOSIP.664v3 from either HEK293F, HEK293S, or CHO cells was incubated overnight at 4°C in a 1:6
601 molar ratio of SOSIP trimer to purified RM20A3 Fab. The complex was purified from the remaining free Fab by SEC,
602 then concentrated to ~6mg/ml in 1X TBS buffer. Purified complex was then mixed with n-dodecyl B-D-maltoside
603 (DDM; Anatrace) to a final concentration of 0.06 mM immediately prior to vitrification. 3ul of this solution was then
604 applied to plasma cleaned Cflat 1.2x1.3 holey carbon grids and plunge frozen at 4°C and 100% chamber humidity with
605 an FEI Vitrobot MarklV (Thermo-Fisher) after blotting for 7 s. Grids were transferred in liquid nitrogen to an autoloader
606 and into one of the two microscopes for imaging. The Endo H digestion samples were prepared in the same way after
607  purification from the reaction mixture.

608

609  Cryo-EM data collection

610 Imaging was performed on either a FEI Titan Krios or Talos Arctica (Thermo-Fisher), operating at 300KeV and 200KeV
611 respectively. The microscopes were taken through a standard coma-free alignment protocol before each imaging
612 session. Movie micrographs were collected on a Gatan K2 Summit direct electron detector (Gatan) operating in
613 counting mode. Imaging was adjusted to achieve the same total dose for both microscopes of ~50 e-/A2. Movies were
614 collected at a frame rate of 1/250 ms. The final calibrated pixel sizes were 1.03 A for the Krios and 1.15 A for the
615 Arctica. During data collection, frames were aligned and dose weighted in real-time with MotionCor2 [72] and CTF fits
616  were performed using Gctf[73] to monitor image quality.

617

618  Cryo-EM data processing

619 All non-custom cryo-EM data processing, which includes particle picking, 2-D and 3-D classification, refinement, per-
620 particle CTF refinement, and postprocessing were performed using a combination RELION-2/3[41,74] and CryoSparc
621 v1[75]. Micrograph sorting and carbon masking were conducted with EMHP[76] when necessary. The following
622 general processing protocol was used for all datasets. After global CTF estimation, all micrographs with resolution
623 estimates greater than 6A were excluded from the dataset. Particle picking was then performed using the Gaussian
624 disk template in RELION-2. Extracted particles were then transferred to CryoSparc 1 servers for initial 2-D and 3-D
625 processing. The initial processing usually involved 2 rounds of 2-D classification and subset selection followed by 1

626 round of ab-initio classification into 4 classes. Clean classes were then pooled and refined using the class average as
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627 a template. All refinements were run with C3 symmetry unless stated otherwise. At this stage, refinement meta-data
628 was downloaded from CryoSparc and re-formatted for processing in RELION. Following refinement in RELION, per-
629 particle CTF and beam-tilt refinement were performed, followed by another round of refinement, and 1 or more
630 rounds of 3-D classification using a tight mask and local angular searches only. For the Endo H treated samples,
631 subtractive classification in RELION-3 was also performed at this stage to focus classification to the heterogenous
632 apex. Final sorted particles were then refined using C3 symmetry and sharpened with a data-derived B-factor in
633 RELION using the mask from refinement. Map segmentations were performed with Segger[77] in UCSF Chimera[78].
634 Local resolution plots were calculated in RELION using the method presented in Kucukelbir et. al., 2014 [17].

635

636  Model building and refinement

637 Model building and refinement was initially performed on the sharpened 3.1A-resolution BG505_293F map using the
638 following protocol. First, models of the complete gp120, gp41, and the RM20A3 heavy and light chains, were
639 generated with SWISS-MODEL[79] using PDBID:5ACO as the Env template. These models were then docked into the
640 sharpened map and saved as a single PDB file using UCSF Chimera[78]. This model was then refined with C3 symmetry
641 in Rosetta[80], asking for 300 models. Each model was scored with MolProbity [81] and EMRinger [82], and the one
642 with the best overall score was selected. N-linked glycans were then modeled into the map unit using Coot[83] and
643 the glycosylated model was re-refined in Rosetta using the newly introduced glycan force fields [84]. After refinement,
644 coordinates outside of clear density were deleted and manual adjustments to the structure were made with Coot if
645 necessary followed by refinement in Rosetta. This final BG505_293F model then served as the input for a single round
646 of Rosetta refinement into the BG505_CHO, BG505_293S, BG505_EndoH2, and BG505_EndoH16 maps. Ca RMSDs
647 were calculated in PyMol[85] {The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrédinger, LLC.}.

648

649  Scale-space analysis

650 Sharpened cryo-EM maps were loaded into MatLab (2018b) {MATLAB and Image Processing Toolbox Release 2018b,
651 The MathWorks, Inc., Natick, Massachusetts, United States.} using the ReadMRC.m script obtained from the following
652 GitHub:  https://github.com/Sarofi/Pythonimages/blob/master/Matlab/FredSigworth/EMIODist/ReadMRC.m.  All

653 subsequent analysis was performed in MatlLab and the MatlLab ImageProcessing Toolbox. To determine the noise
654 threshold, the map was binarized at a series of intensities, ranging from the maximum to minimum intensity (at 100-
655 200 evenly spaced intervals), and the number of connected components of each binary volume was recorded. This
656 function has a characteristic double maximum, where the high intensity peak corresponding to signal and the low
657 intensity peak to noise. The noise threshold was then defined as the global minimum between these two peaks. If the
658 function plateaus at this global minimum, then the lowest intensity point in the plateau defined the noise threshold.
659 The total volume at the noise threshold was calculated as the sum of the volumes of all the connected components.
660 Noise threshold and total volume were then calculated as a function of Gaussian filter SD to create the plot shown in

661 Figure 2B and_Supplemental Figure 7. The process was performed before and after resampling and intensity
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662 equalization, also with the Fabs masked out to better capture the relevant signal (Supplemental Figure 7). The mask

663 used to delete the Fab here and for difference mapping has been deposited to the EMDB with the BG505_293F map.
664

665  SPARX 3-D variability analysis

666 3-D variance analysis was carried out using the function sx3dvariability from the SPARX software package[37].
667 Refinement data.star files from the final refinement in RELION (before per-particle CTF refinement) for each dataset
668 were converted into SPARX format with the function sxrelion2sparx. 3-D variability maps were then calculated with
669 the function sx3dvariability using C3 symmetry. Prior to calculating 3-D variability, projections were internally down
670 sampled 2x and lowpass filtered to twice the binned Nyquist frequency to reduce noise in the resulting variability
671 map. The method is referred to as 3-D "variability" because the resulting map is not a true variance since positivity is
672 enforced when reconstructing the 3-D map from the 2-D variance fields. Using the simulated cryo-EM data from the
673 HT-AM Man9 ensemble we calculated the true per-voxel variance map and compared the results to the equivalent
674  SPARX 3-D variability map. We found a negligible difference between the two.

675

676  Cryo-EM difference mapping

677 First, maps were re-sampled onto the same grid and equalized with the RELION-3 function adjust_power. Because
678 data was collected on two microscopes operating at different magnifications, all volumes were re-sampled and
679 adjusted to the larger pixel size of 1.15A. Difference maps were calculated by subtracting one map from another in
680 the order mentioned in the text followed by smoothing with a Gaussian kernel for visualization. These operations
681 were performed either in UCSF Chimera[78] or in MatLab.

682

683  Ssite-specific local intensity analysis from cryo-EM maps

684 To measure map intensity around each glycan, first the sharpened map was filtered with a 1.5 SD Gaussian kernel and
685 saved and opened in Coot, along with the refined atomic model for the BG505_293F dataset. At each PNGS where a
686 glycan could be confidently identified, a full idealized N-linked glycan stalk was added if not already present and
687 adjusted to fit the density with the refine tree function[83]. The volumes were then resampled and equalized as
688 described above and loaded into MatlLab. The average X,Y, and Y coordinates of each BMA residue were then used to
689 localize each glycan within the volume, and the average voxel intensity of all positive intensity voxels within a sphere
690 around each BMA residue was calculated for a range of probe diameters along with the Pearson correlation between

691 the normalized inverse RMSF and normalized mean intensities (Supplemental Figure 9B). The cumulative absolute

692 deviation from the mean across all glycans was calculated for each individual glycan residue, which suggested the

693 BMA residue closely approximates the full-glycan RMSF (Supplemental Figure 9A). The correlation analysis was

694 repeated using each of the 11 individual glycan residues in place of the average and we saw negligible differences

695 (Supplemental Figure 9C). This same model was used to analyze the BG505_CHO data, while minor adjustments to

696 the N611 glycan were made to for the BG505_293S map. This same procedure was used to analyze all the simulated
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697 cryo-EM maps. To quantify the percent occupancy at each site after Endo H digestion we assumed a linear relationship
698 between signal intensity and occupancy, with any intensity <= 0 being considered fully digested. Initial occupancies
699 were determined by MS. To calculate the Endo H protection score we added the percent occupancy at each site from
700 the EndoH2 and EndoH16 maps and normalized the results between 0 and 1. This can be seen as the integral of
701 occupancy with respect to reaction time. All local intensity analysis was repeated before and after intensity
702 equalization in RELION for comparison (Supplemental Figure 10).

703

704  Glycan crowding analysis

705 We defined a simple crowding score as the number of glycans within a spherical radius around a glycan. To localize
706 each glycan, we calculated the average location of the BMA oxygen atom across all 1000 models in the Man9
707 ensemble. Then, the number of glycans within a radius around each point was recorded as a function of radius (0A-
708 135A with 135A being the maximum pairwise distance) along with the Pearson correlation between the normalized
709 crowding score and either the normalized inverse RMSF, normalize local map intensity, or normalized percent high-
710  mannose.

711

712 ALLOSMOD-based high-throughput atomistic modeling (HT-AM) of fully glycosylated Env

713 The computational atomistic ensemble modeling method that we employed is as follows. First, we generated a robust
714  ensemble of atomistic models of BG505 SOSIP.664 by implementing the ALLOSMOD[39,86] package of
715 MODELLER[87,88] in a streamlined pipeline. The BG505 SOSIP.664 protein scaffold was homology modeled and the
716 missing residues in the hypervariable and dynamic V2 and V4 loops (residues 186-189 and residues 400-410) were
717 modeled ab initio. All the disulfide bonds were maintained as additional restraints. 100 models were generated, and
718 the best 10 were selected (Figure 3A) based on MODELLER optimization scores and stereochemistry scores as
719 determined by PROCHECK[89]. For each of the 10 selected protein structures, glycans were initially added at the
720 known glycosylation sites based on ideal geometries as dictated by CHARMM36 [90,91] force field internal
721 coordinates. For simplicity, we chose to apply uniform glycosylation of mannose-9 because the MS data suggests this
722 is the most common glycan type on BG505 SOSIP.664[47]. This was followed by a 1A random deviation added to
723 the overall atomic coordinates. This template-free glycan modeling method optimizes an energy function given by a
724 combination of spatial restraints and CHARMM36 glycan forcefield terms, to enforce proper stereochemistry. The
725 generated structures were further relaxed (Figure 3B) with several steps of conjugate gradient minimization followed
726 by simulated annealing as described by Guttman et. al. [39]. The glycans and the loop regions were kept flexible during
727 the refinement steps. 100 fully glycosylated structures were modeled from each of the 10 selected protein models,
728  resulting in the final ensemble containing 1000 different poses.

729

730  RMSF and sampling volume calculations from HT-AM ensembles
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731 For both the native and all-man9 glycosylated models, the root mean square fluctuations (RMSF) of each glycan n was

732 calculated as an average over all its heavy atoms, by the following equation:

733
x [

734 RMSF"=E; Mﬂ;mnk—@k)lz

735

736

-

737 where 7, is the atomic position of heavy atom k of glycan n in snapshot m, (%) = (%) M Pk is the

738 average atomic position of heavy atom kin glycan n. Kis the total number of heavy atoms in the glycan (127 for Man9).
739 The ensemble for each model contains 1000 snapshots, making M = 1000 snapshots for each of the two models. The
740 standard deviations (s.d.) were obtained by dividing the 1000 snapshots into 4 sets of M=250, and calculating the
741 square root of the variations from the four sets of RMSF values. The single-model average RMSF was similarly
742 calculated, where M reduces to 100. The value obtained for each of the 10 models were averaged to get the final per-
743 model RMSF value. For calculating the sampled volumes, volumetric surface maps were created for each individual

744 glycan using the volmap plugin of VMD[92] (http://www.ks.uiuc.edu/Research/vmd/), including all 2000 models, with

745 1A grid size. The enclosed volume of these generated surface models was calculated using UCSF CHIMERA [78]
746 (http://www.rbvi.ucsf.edu/chimera).

747

748  Graph theoretic analysis of ALLOSMOD ensembles

749 The inter-glycan overlap is calculated as the total fraction of heavy atoms from the two glycans that come within 5A
750 of each other. A single mannose-9 glycan has 127 heavy atoms. Since our ensemble is composed of 1000 possible
751 structures, there are effectively 127,000 heavy atoms per ensemble of mannose-9 at one position. The fraction of the
752 total number of heavy atoms from two neighboring ensembles that come within contact distance defines the overlap
753 fraction. An overlap greater than or equal to 50% of heavy atoms from two neighboring mannose-9 glycans is assigned
754 as 1. This overlap matrix is used to define the adjacency matrix for our network analysis. Each glycan functions as a
755 node of the graph, and two nodes are connected by an edge if there is at least 5% overlap as per our overlap definition
756 given above. The edge length is inversely proportional to the overlap value, i.e., the larger the overlap, the closer two
757 nodes (glycans) are in the graph. Only those glycans from the neighboring protomers are considered, that have an
758 inter-protomer edge. All graph theory and network-based analysis were performed using Python {Python Software
759 Foundation, https://www.python.org/} and Matlab_R2018a packages.

760

761  Simulated cryo-EM data creation and processing from ALLOSMOD ensembles

762 First, each model generated from the HT-AM pipeline was converted into mrc volume file with the same box and pixel

763 sizes as the experimental data (in this case we used the lower magnification from the Talos Arctica of 1.154/pixel)
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764 using the EMAN2[93] function e2pdb2mrc, with the max resolution set as twice the voxel size. Next, each volume was
765 projected at 100 uniformly distributed angles, either with or without white noise, using the RELION function
766 relion_project. All 1000 particles.star files were then combined (100K total projections) and refinement was initiated
767 using the BG505_293F map with Fabs removed as an initial model. In all cases the resolution converged around the
768 Nyquist frequency (2.3A), and the final maps were sharpened using a data-derived B-factor and soft mask in RELION.
769 The absolute intensity scales of the simulated maps are different from the experimental maps however we observed
770 minimal change with intensity equalization. SPARX 3-D variability maps were calculated in the same manner as the
771 experimental data however without including CTF information. Because SPARX re-extracts particles, the center of
772 each projection was given in place of the micrograph coordinates for each particle. True per-voxel average and
773 variance maps were calculated by taking the mean and variance of each voxel across all 1000 mrc volumes used for
774  synthetic data projections.

775

776  Data Availability

777 All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials.
778 Additional data related to this paper may be requested from the authors. The electron potential maps have been
779 deposited in the Electron Microscopy Data Bank under accession codes XXXXX. Atomic models have been deposited

780 in the Protein Data Bank under accession codes XXXX.
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Figures and Figure Legends
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Figure 1 | Soluble SOSIP in complex with a base-specific Fab as a model system for cryo-EM analysis of the native
HIV-1 Env glycan shield. (A) Gaussian filtered and segmented cryo-EM map of BG505 SOSIP.664 purified from
HEK293F cells in complex with three copies RM20A3 Fab. (B) Segmented map with Fabs removed showing neo-
epitope formed at the exposed base of the soluble trimer. (C) Sharpened 3.1A-resolution map visualized at a high and
low intensity threshold and colored by local resolution. (D) Refined atomic model with fly-out of RM20A3
epitope/paratope and stars highlighting four different N-linked glycans displayed below. (E) Cartoon models of the
two main types of N-linked glycans on BG505 SOSIP.664. (F) 3-D angular distribution histogram for BG505_293F.
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Figure 2 | Scale-space analysis of BG505_293F reveals low resolution structure in the glycan shield. (A) Scale-
space representation of the cryo-EM map using a Gaussian kernel (0-2 SD). (B) Logarithm of the number of
connected components of the map as a function of intensity threshold for a series of Gaussian filtered maps with
red circles indicating the noise-thresholds. (C) Noise threshold and volume at the noise threshold as a function of
SD. (D) Slices through the side and top views of the 6 maps displayed in (A) highlighting the volume expansion
around glycosylated surfaces (red arrow) but not protein surfaces (yellow arrow). (E) Top and side views of the 1.5
SD Gaussian filtered BG505_293F map (blue) at three intensity thresholds with a simulated protein-only map

underneath (gray).
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Figure 3 | ALLOSMOD-based high-throughput atomistic modeling pipeline for fast and robust sampling of fully
glycosylated Env. (A) Ribbon diagram of the 10 best scoring homology models used as protein scaffolds, showing
flexible modeling of the V2 and V4 loops (L). One of the ten models with a single relaxed Man9 glycan at each PNGS
(M). One fully glycosylated and relaxed model for each of the ten protein scaffolds (R). (B) Close up of the N88 PNGS
with 1 and all 1000 glycan poses. (C) Full glycan mean RMSF for all 1000 poses (100 glycan poses/scaffold). (D)
Glycan only RMSF for all 1000 poses. (E) Full glycan mean RMSF for all 1000 poses up to the 5" mannose residue for

both the Man9 and Man5 ensembles showing increased dynamics in Man5 ensemble.
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Figure 4| Synthetic cryo-EM maps from ALLOSMOD ensembles reproduce global features of the experimental
data. (A) Schematic of the synthetic data creation pipeline. First, each of the 1000 models is converted into an MRC
volume file then projected at 100 random and uniformly distributed angles either with or without added noise (100
SD white noise on the right). A total of 100,000 projections are then refined in RELION. (B) 3-D reconstruction from
synthetic Man9 dataset at two different intensity thresholds (cyan) and a protein-only map displayed for contrast
(grey). Ab initio modeled V2 and V4 loops are not visible at these resolutions. (C) 1.5 SD Gaussian filtered

BG505_Man9 and BG505_PO reconstructions viewed from the side and top at three intensity thresholds.
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Figure 5 | Measuring individual glycan dynamics from cryo-EM maps reveals close agreement between theory
and experiment. (A) 1.5 SD Gaussian filtered BG505_Man9 synthetic cryo-EM map (transparent) with the glycan
stalk model used in the local intensity analysis displayed within. Also shown is a close up of a glycan stalk with a
sphere around the BMA residue representing the local intensity probe. (B) Bar plot showing relationship between
normalized mean intensity around BMA residues from the 0.5 SD Gaussian filtered BG505_Man9 reconstruction
using a probe radius of a 1.725A and the inverse normalized full glycan mean RMSF from the Man9 ensemble.
Pearson correlation coefficient ~0.89 (p=8e-8). (C) 1.5 SD BG505_293F and BG505_Man9 maps visualized from the
top and side and contoured to their noise thresholds. Red box highlighting effects of sub-occupancy in the gp41
region. (D) Bar plot showing relationship between the normalized site-specific mean local intensity at from the
BG505_293F and BG505_Man9 maps along with the absolute difference at each site. Pearson correlation coefficient

~0.46 (p = 0.03).
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Figure 6 | Detecting changes in glycan dynamics, occupancy, and chemical composition from synthetic cryo-EM
maps. (A) Un-normalized mean local intensity at each PNGS for the BG505_Man9, BG505_Man5, and
BG505_ManHO maps along with the percent change from the BG505_Man9 values. (B) BG505_Man9 -
BG505_Man9HO, (€) BG505_Man9 - BG505_Man5, and (D) BG505_Man9 - BG505_PO Gaussian filtered (SD=2)

difference maps at two intensity thresholds (R - green) along with high-resolution sharpened maps (L).
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Figure 7 | Detection of cell-type specific changes in glycan shield composition and dynamics with cryo-EM. (A)
Unnormalized mean local intensity at each PNGS for the BG505_293F, BG505_293S, and BG505_CHO cryo-EM maps
along with percent change from the BG505_293F values. (B) Truth table illustrating glycosylation content of each
sample. (C) BG505_293F — BG505_293S, (D) BG505_CHO — BG505_293S, and (E) BG505_293F - BG505_CHO
difference maps at two intensity thresholds. All difference maps were multiplied by a soft mask around the RM20A3

Fabs prior to Gaussian filtering. (F-1) Magnifications of the red boxed areas of the difference maps.
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Figure 8 | Probabilistic glycan-glycan interaction network for the Man9 ensemble. (A) Glycan-glycan volume
overlap matrix. Inter-protomer overlap is given by suffix “_2”. The overlap fraction is normalized with at least 50%
overlap being designated as 1. The HXB2 numberings of the glycosylated asparagines are given in the X and Y axes.
The glycans in the variable loop regions are indicated by tan color bars. (B) Cartoon model of the glycan-glycan
interaction network generated by interpreting the overlap matrix as an adjacency matrix (inset). The edge length is
drawn inversely proportional to the overlap value, i.e., the larger the overlap, the closer two nodes are in the graph.
(C) Glycan-glycan interaction network calculated from the matrix in (A). Edges represent overlap between two
glycans represented by nodes. All nodes are colored by eigenvector centrality. The centrality values are normalized

with the highest value assigned as 1. Higher the centrality values mean greater its influence over the network.
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Figure 9 | Highly connected glycan clusters are resistant to enzymatic digestion. (A) Cartoon schematic of Endo H
digestion of high-mannose glycans and illustration of the three reaction times captured for cryo-EM analysis. (B)
Unnormalized mean local intensity at each PNGS for the BG505_293S, BG505_EndoH2, and BG505_EndoH16 cryo-
EM reconstructions along with the percent occupancy at each site after 2 and 16 hrs of digestion assuming 100%
initial occupancy. (€) BG505_293S — BG505_EndoH2 and BG505_EndoH2 — BG505_EndoH16 3 SD Gaussian filtered
difference maps at two intensity thresholds. Also shown is the BG505_EndoH16 cryo-EM after multiplication by a
soft protein-only mask. (D) Overlay of three maps from (C) colored according to susceptibility to Endo H digestion
with red being the most and blue being the least. (E) Bar plot showing the normalized Endo H protection score (see
Methods) and normalized eigencentrality from the Man9 ensemble. Pearson correlation coefficient between the

two ~0.8 (p=1.14e-05).
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Figure 10 | 3-D classification of cryo-EM data reveal enzymatic digestion of the glycan shield leads to progressive
destabilization of the pre-fusion trimer. (A) Representative cryo-EM maps of the four distinct states captured by 3-
D classification. (B) Pie charts for each of the 5 experimental BG505 SOSIP.664 datasets showing the relative

percentages of each class shown in (A) and a junk class.
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