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Figure 3.3. Single particle tracking of Env trimers, classified as mobile or trapped. 
Representative fields of view showing rendered Env tracks in (A) CEM-A and (B) COS7 cells. 
Tracks classified as mobile are rendered in light green. Tracks classified as either immobile or 
confined are rendered in dark green. Scale bars in wide zoom (top, black border) are 2 µm. Scale 
bars in insets (bottom, red border) are 500 nm. 
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Figure 3.4. Distributions of diffusion coefficients calculated for all tracks in each condition. 
For all tracks observed by single particle tracking, the diffusion coefficient D was calculated in 
uTrack (Jaqaman et al, 2008). The distributions of D values for each condition in (A) CEM-A and 
(B) COS7 cells are displayed as histograms. For (A) CEM-A, WT-Env n = 7862 tracks from 4 
cells, CTΔ144-Env n = 13,338 tracks from 4 cells, d8-Env n = 5434 tracks from 4 cells. For (B) 
COS7, WT-Env n = 3790 tracks from 5 cells, CTΔ144-Env n = 5283 tracks from 4 cells, d8-Env n 
= 4384 tracks from 17 cells. 
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Figure 3.5. Diffusion coefficients of mobile Env trimers do not differ significantly between 
genotype or cell type. For the tracks classified as mobile in each condition, the mean diffusion 
coefficient D was calculated. (A) In CEM-A cells, the mean diffusion coefficients of CTΔ144-Env 
(Dmobile = 0.149±0.087 µm2s-1, n = 9694 tracks) and d8-Env tracks (Dmobile = 0.107±0.057 µm2s-1, n 
= 2139 tracks) did not differ significantly from that of WT-Env (Dmobile = 0.097±0.049 µm2s-1, 1514 
tracks). (B) In COS7 cells, the mean diffusion coefficients of CTΔ144-Env (Dmobile = 0.108±0.053 
µm2s-1, n = 2238 tracks) and d8-Env tracks (Dmobile = 0.144±0.087 µm2s-1, n = 1019 tracks) did not 
differ significantly from that of WT-Env (Dmobile = 0.085±0.056 µm2s-1, 274 tracks). Error bars 
represent standard deviation. n.s. indicates not significant by one-way ANOVA and Tukey’s post-
test. 
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In order to test this hypothesis, we designed a series of experiments to assess the 

distribution of Env between the cell surface and the recycling endosome within the cell, and the 

dependence of this distribution on Env genotype and host cell type. Since sub-diffraction limited 

resolution was not required for these assays, conventional spinning disk confocal microscopy was 

used instead of iPALM. 

First, surface staining of fixed infected cells was used to assay the relative densities of 

Env present on the cell surface for each condition. By labeling only surface-exposed Env, we 

hoped to be able to explore any effect that Env genotype may have on the amount of Env 

available to be incorporated into lattices. If, as we hypothesize, the cytoplasmic tail mutants we 

have tested disrupt proper trafficking through the Env pathway, steady state levels of Env on the 

cell surface would likely be altered. 

Coverslips were cleaned (Appendix E) but were not treated with nanorods or glass. CEM-

A and COS7 cells were each adhered to coverslips (Appendix F) and infected with virus using the 

same protocol that was used for the iPALM experiments (Appendix G). The cells were fixed by 

the same method 40 hours after infection, but were blocked and immunolabeled without being 

treated with detergent so that the membrane stayed intact and only externally exposed Env was 

accessible to the dye-labeled antibodies. The same antibodies against Env were used, but at a 

higher concentration to improve signal brightness on the less sensitive camera of the confocal 

microscope system. The samples were mounted in Fluoromount-G (#0100-01, Southern Biotech) 

and sealed under clean cover glass (Appendix M). Z-stacks of approximately 100 fields of view, 

usually including multiple cells in each field, were acquired with super-sampled slices of 300 nm 

at exposure times of 100 ms. The AF647 dyes were excited by a 640 nm laser at approximately 

315±5 µWcm-2. The data were quantified by normalizing the total labeling intensity of each cell to 

the cell’s approximate size. Maximum projections were generated of each cell and thresholded to 

create a mask of the cell border, which was applied to an integrated projection of the cell to 

compute both the projected area and the integrated intensity of that cell. Intensity was normalized 
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Figure 4.1. Density of Env on the host cell surface in CEM-A cells is dependent on Env-CT. 
(A) Representative images of whole CEM-A cells producing WT- (left), CTΔ144- (middle), and d8-
Env (right), fixed and labeled for surface-exposed Env. Scale bars are 10 µm. (B) Quantification 
of the surface density of Env by normalization of integrated signal intensity throughout the Z-stack 
of each cell to each cell’s projected area. There was significantly more CTΔ144-Env 
(16,201±1385 counts per pixel, standard error, n = 113 cells) and significantly less d8-Env 
(3488±171.2 counts per pixel, standard error, n = 146 cells) on host cell surfaces than WT-Env 
(7594±478.6 counts per pixel, standard error, n = 123 cells). Bars represent mean and standard 
error. *** indicates significant difference from WT P<0.0001 by two-tailed unpaired t-test.  
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Figure 4.2. Density of Env on the surfaces of host cells in COS7 cells is upregulated by 
deletion of the Env-CT, as it is in CEM-A cells. (A) Representative images of whole COS7 
cells producing WT- (left), CTΔ144- (middle), and d8-Env (right), fixed and labeled for surface-
exposed Env. Scale bars are 20 µm. (B) Quantification of surface-exposed Env density, as in 
Figure 4.1, show that cell surface levels of both CTΔ144- (19,434±2135 counts per pixel, 
standard error, n = 61 cells) and d8-Env (9507±1307 counts per pixel, standard error, n = 57 
cells) are reduced compared with WT-Env (26,973±2201 counts per pixel, standard error, n = 54 
cells). Bars represent mean and standard error. *** indicates P<0.0001 and * indicates P=0.0156 
from WT by two-tailed unpaired t-test. 
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to projected area, and the distribution of that ratio for each genotype was compared as an assay 

of Env density on the cell surface. 

In CEM-A cells, we found that the levels of CTΔ144-Env on the surface of cells were, in 

general, greatly increased when compared with cells expressing WT-Env (Figure 4.1). This is in 

agreement with previous studies which showed that the rapid endocytosis of Env is dependent 

upon the cytoplasmic tail (Egan et al, 1996; Groppelli et al, 2014; Kirschman et al, 2018). The d8 

mutation, on the other hand, lead to much lower levels of surface-exposed Env compared with 

WT (Figure 4.1). This would appear to support the hypothesis that trafficking through the 

recycling pathway is altered by this mutation. However, it is also possible that, as our single 

particle tracking assays showed that a smaller fraction of d8-Env becomes trapped in lattices than 

does WT-Env, the un-trapped Env of both genotypes is rapidly endocytosed and the total amount 

of surface-exposed WT-Env is inflated by a greater density of trapped trimers. 

The experiment was repeated in COS7 cells. Again, levels of surface-exposed d8-Env 

were greatly decreased compared with WT (Figure 4.2). Unexpectedly, however, levels of 

surface-exposed CTΔ144-Env appeared to be slightly decreased compared with WT-Env (Figure 

4.2). This result was significant in explaining the cell type dependent differences we observed in 

angular distributions and in Env incorporation. An abundance of WT-Env on the plasma 

membrane throughout lattice assembly would lead to incorporation of considerably more Env into 

each assembling particle, whereas in the T-cell line, a low density of available Env would limit the 

amount of Env incorporated per particle. It would also be expected that a much greater density of 

Env on the cell surface would be much more likely to encounter early-stage assembling lattices 

than a lower density, which would account for the unbiased distribution of incorporated WT-Env 

we observed in COS7 cells. 

In order to assess intracellular retention of internalized Env, a second assay was 

designed to compare the size of the endocytosed Env pool between genotypes. Again, cells were 

adhered to clean coverslips and infected as before (Appendices F, G). Instead of fixing the cells 

before immunolabeling, the cells were subjected to the same pulse-chase labeling protocol that 
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was used for the single particle tracking experiments, with the addition of transferrin conjugated to 

the organic dye Alexafluor488 (AF488; #T13342, Thermo Fisher; Appendix N). The subset of Env 

that was externally exposed at the time of the immunolabeling step was bound by dye-labeled 

Fab fragments while all other Env remained unlabeled. Likewise, the population of transferrin 

receptor that was externally exposed was bound by dye-labeled transferrin. The cells were then 

chemically fixed 15 minutes after the labeling pulse. This allowed Fab-bound Env that had been 

on the cells’ surfaces during the staining step to be endocytosed before the system was fixed in 

place. We did not give the recycling pathway time to equilibrate to a true steady state distribution 

of labeled Env, but, as we expected that most genotypes would eventually favor an internalized 

majority, though potentially by nonspecific mechanisms, we hoped to learn more about Env 

internalization by comparing intracellular Env pools at an early but consistent post-pulse time 

point. Samples were mounted in Fluoromount-G under clean cover glass and sealed. Single 

diffraction limited images were acquired of approximately 100 fields of view, each of which usually 

included multiple individual cells. Atto565 dyes were excited with a 561 nm laser at approximately 

200±5 µWcm-2 at 100 ms exposure times. AF488 dyes were excited with a 488 nm laser at 

approximately 12±1 µWcm-2 at 200 ms exposure times. Each field of view was focused in the 

middle of cells, so that the transferrin-labeled recycling compartment was optimally in focus. Each 

cell was segmented into three regions by manually tracing in ImageJ (NIH) the outer edge of the 

cell, the inner edge of the in-focus cell surface Env pool, and the intracellular Env pool which co-

localized with the transferrin channel. The total intensity of the segmented intracellular pool was 

normalized to the summed total intensity of the segmented intracellular and cell surface pools. 

In CEM-A cells, we observed a significant intracellular pool of labeled Env for all three 

genotypes (Figure 4.3). This intracellular Env pool co-localized closely with the corresponding 

intracellular pool of transferrin, confirming its identity as the recycling endosome (Figure 4.4A). 

When the data were quantified, we found that the size of the intracellular pool increased 

significantly when the d8 mutant was expressed, compared with WT-Env. In contrast, the 

intracellular pool of CTΔ144-Env was significantly smaller (Figure 4.3).
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Figure 4.3. The internalized pool of Env in CEM-A cells is dependent on the Env-CT. Pulse-
chase labeling followed by fixation of infected cells highlights Env internalized from the cell 
surface following the labeling pulse. (A) Representative images of CEM-A cells producing WT- 
(left), CTΔ144- (middle), and d8-Env (right) show internalization and retention of intracellular Env 
is dictated by the Env-CT. Scale bars are 10 µm. (B) Intracellular Env pools were quantified by 
normalizing segmented intracellular signal to the sum signal of the segmented intracellular and 
cell surface pools. The intracellular fraction of CTΔ144-Env (14±1%, standard error, n = 99 cells) 
was significantly lower than that of WT-Env (24±1%, standard error, n = 142 cells). The 
intracellular fraction of d8-Env (43±1%, standard error, n = 123 cells) was significantly higher. 
Bars represent mean and standard error. *** indicates P<0.0001 from WT by two-tailed unpaired 
t-test. 
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Figure 4.4. Env labeled at the cell surface is endocytosed and sorted to the recycling 
compartment. Live cells expressing WT-Env were pulse-chase labeled with both anti-Env Fab 
b12-Atto565 (green) and transferrin-AF488 (magenta) and then fixed after labeling to highlight 
internalized pools of labeled Env and transferrin receptor. (A) In CEM-A cells, internalized Env 
and transferrin receptor co-localized strongly in a large, centralized intracellular compartment 
(yellow arrows), identifying the intracellular pool of Env as the endosomal recycling compartment. 
Scale bars are 10 µm. (B) In COS7 cells, internalized Env pools were more dispersed and 
vesicular than in CEM-A cells, but still co-localized with transferrin (yellow arrows). Scale bars are 
20 µm. 
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Figure 4.5. Internalized pools of Env in COS7 cells are altered by mutation, but not by 
deletion of the Env-CT. (A) Representative images of COS7 cells producing WT- (left), CTΔ144- 
(middle), and d8-Env (right). Scale bars are 20 µm. (B) The intracellular pool of Env was 
quantified as in Figure 4.3. There was no significant difference between WT- (10±1%, standard 
error, n = 35 cells) and CTΔ144-Env (11±1%, standard error, n = 23 cells), but the intracellular 
pool of d8-Env was again significantly larger (16±1%, standard error, n = 36 cells). Bars represent 
mean and standard error. ** indicates P=0.0058 and n.s. indicates not significant from WT by 
two-tailed unpaired t-test. 
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The intracellular pool of labeled Env in COS7 cells appeared both smaller and more 

dispersed than in CEM-A cells (Figure 4.5). These multiple smaller compartments still co-

localized with transferrin labeling (Figure 4.4B), but their dispersed, vesicular morphology 

appeared distinctly different, which supports the idea of a difference in the recycling pathway 

between the two cell types. Unlike the CEM-A cells, COS7 cells producing CTΔ144-Env did not 

differ significantly from those producing WT-Env in the size of their intracellular Env pools (Figure 

4.5). The intracellular pool of d8-Env, however, was again significantly larger than that of WT-Env 

(Figure 4.5). 

Finally, we designed an assay intended to assess differences in the dynamics of Env 

trafficking to and from the recycling endosome using Fluorescence Recovery After 

Photobleaching (FRAP). FRAP uses targeted photobleaching of fluorophores in a particular 

region to study gross scale diffusion and mobility characteristics by quantifying the signal 

recovery in the bleached region. In an average FRAP experiment, measuring the degree of signal 

recovery within the photobleached region can be used to calculate a mobile fraction characteristic 

similar to the one we characterized by classifying the mobility of single particle tracks, and 

measuring the rate of signal recovery can be used to calculate an average rate of diffusion. We 

adapted this technique to examine intracellular trafficking, rather than diffusion, by 

photobleaching the labeled Env in the recycling endosome and then measuring the recovery of 

the intracellular signal. The same infection and pulse-chase immunolabeling protocol was used, 

but instead of fixing the infected cells after labeling, the samples were left unfixed and unsealed, 

and cells were imaged live approximately 15 minutes after the labeling pulse (Appendix K). Only 

CEM-A cells were assayed, as the intracellular pool of Env in the COS7 cells was too scattered to 

easily photobleach or measure signal recovery. The intracellular pool in CEM-A cells, on the other 

hand, was essentially centralized into a single compartment. This region was manually traced to 

define the region to be photobleached. The segmented region was then scanned by a high 

energy 405 nm laser for ~25 seconds to irreversibly bleach all fluorophores (iLas2 photobleaching 

galvo scanner), leaving the cell surface pool of labeled Env as the only fluorescently labeled 
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population, which could then be endocytosed to recover signal in the photobleached region. Time 

lapses were imaged of each cell at 1 minute intervals, with the Atto565 dyes excited by a 561 nm 

laser at approximately 340±5 µWcm-2. Photobleaching of the intracellular pool was done after 5 

intervals, to establish a baseline intensity. Recovery was measured for 35 intervals after 

photobleaching. 

Image analysis and quantification of signal recovery was done by Nairi Pezeshkian. The 

intensity of the segmented region of photobleaching was measured for each interval before and 

after photobleaching. These values were corrected for background signal, using the average 

intensity of regions on the unoccupied coverslip, and for any bleaching not due to the 405 nm 

laser scanning step, using the total background-corrected intensity of un-scanned cells in the 

same field of view, fit to a linear decay. The recovered intensity at each interval was averaged 

across four biological replicates for each genotype and the resulting recovery curve was fit, 

weighted by the standard deviations of each averaged value, to an exponential function whose 

rate constant described the rate of recovery. 

This assay had several caveats: it was highly dependent upon post-labeling timepoint 

and the remaining un-endocytosed Env pool on the cell surface, the in-focus field of view did not 

encompass the entire recycling endosome and, although photobleaching was not limited to the 

focal plane, detection of signal recovery was, and the recovery of the intracellular signal was a 

net measurement and could not differentiate increase of signal by endocytosis from loss of signal 

by recycling back to the plasma membrane. However, it did allow us to compare the overall flux of 

intracellular Env genotypes. 

We found that recovery of intracellular CTΔ144-Env was significantly impaired compared 

to WT, which fits with a defect in endocytosis of CTΔ144-Env (Figure 4.6). The rate of signal 

recovery of CTΔ144-Env was more than 10 times slower than that of WT-Env, and the total 

recovery at the end of the experiment was considerably less. On the other hand, intracellular d8-

Env signal recovered to a similar degree to WT-Env, despite having a smaller cell surface pool of 

labeled Env to endocytose (Figure 4.1). The rate of recovery of d8-Env was somewhat slower 
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Figure 4.6. Analysis of intracellular Env flux by Fluorescence Recovery After 
Photobleaching. (A) Representative time lapses showing the recovery of intracellular Env pools 
(white arrows) in live pulse-chase labeled CEM-A cells before and after photobleaching of the 
intracellular compartment (dashed white circles). Scale bars are 20µm. (B) Recover curves show 
reduced recovery rates of intracellular CTΔ144-Env (0.016±0.01 s-1, n = 4 cells), relative to both 
WT-Env (0.21±0.01 s-1, n = 4 cells) and d8-Env (0.092±0.01 s-1, n = 4 cells). The rate of recovery 
of d8-Env is reduced compared to WT-Env, but the final percent recovery is similar for the two 
genotypes. Error bars indicate standard deviation of each time point.   
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than WT-Env, which could be explained by the endocytosis of a less dense population of 

fluorescent Env. Possibly, the comparable percent recovery between the two genotypes is due to 

a buildup of intracellular d8-Env that is defective for recycling back to the cell surface, whereas 

WT-Env fluxes out of the intracellular pool as well as in, decreasing the apparent net recovery of 

signal. This assay cannot definitively prove either of these models. 

Collectively, these assays support the hypothesis that the cell type dependent unbiased 

distribution of WT-Env on assembling virus particles that we observed in COS7 cells results from 

major differences in the host cell recycling pathway compared with the T-cell like CEM-A cells. 

This, in turn, supports the model that in T-cells, rapid endocytosis and retention of Env in the 

recycling pathway, with limiting quantities being returned to the plasma membrane, regulate the 

density of Env on the cell surface during Gag lattice formation and thereby regulate the density of 

Env incorporation into virus particles (Figure 4.7). 
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Figure 4.7. Working model for the fate of single Env trimers during HIV-1 assembly. (Ai) 
Env is synthesized at the endoplasmic reticulum and mature trimers traffic to the plasma 
membrane through the secretory pathway. (Aii) Gag is synthesized in the cytoplasm and targeted 
to the plasma membrane, where it forms a protein lattice and causes budding of the plasma 
membrane. (B) Env trimers diffuse laterally on the plasma membrane and either become 
entrapped in assembling Gag lattices or are rapidly internalized through clathrin-mediated 
endocytosis. Truncation of the Env-CT (CTΔ144) impairs Env internalization, leading to increased 
levels of surface-exposed Env. (C) Endocytosed Env is sorted to the recycling endosome. (D) In 
T-cells, internalized Env is predominantly retained intracellularly, while limited quanities of Env 
are recycled back to the plasma membrane. Specific recycling may be regulated by interactions 
between host cell factors and elements of the Env-CT. (E) Upon recycling of Env to the plasma 
membrane, Env trimers once again diffuse laterally and either become entrapped in Gag lattices 
or are re-endocytosed. (F) Intracellular retention of Env leads to low densities of surface-exposed 
Env, increasing the probability that Env trimers will encounter pre-formed Gag lattices rather than 
low-order Gag oligomers, which results in the observed neck-biased distributions of Env. 
Truncation or mutation of the Env-CT results in a defect in Env interaction with Gag lattices and 
ultimately a defect in incorporation of Env trimers into virus particles. 
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CHAPTER FIVE: CONCLUSIONS 

We sought to identify the mechanisms that regulate the incorporation of Env into HIV-1 

virus particles by interrogating the timing of Env arrival at sites of particle assembly, encoded in 

the angular distribution of lattice-trapped Env trimers. We discovered an angular bias toward the 

necks of the budding particles which was dependent on the presence of the long cytoplasmic tail 

of Env, and on the host cell type. The angular bias of incorporated Env toward the necks of viral 

buds suggested that, on average, Gag lattices begin to assemble at the plasma membrane 

before Env arrives at these assembly sites, making it unlikely that Gag is specifically recruited by 

the presence of Env, and limiting the amount of Env that can be incorporated into the particle 

before abscission and release. The incorporation of Env was upregulated and the neck-biased 

distribution of Env was not observed in the second cell line tested, the fibroblast-like COS7. 

However, since it was observed in the T-cell-like cell line CEM-A, which can be assumed to be a 

better model for the natural host cell type of an HIV-1 infection, it can be expected that the neck-

biased angular distribution of Env is representative of the incorporation of Env in a real infection, 

while the unbiased angular distribution observed in the COS7 cells is indicative of a cell type 

specific difference in some crucial host cell mechanism integral to the proper regulation of Env 

incorporation. The unbiased distribution of Env in the COS7 line indicates that Env arrives at 

assembly sites earlier in these cells than in the CEM-A line, suggesting that the mechanism of 

regulated incorporation is related to the timing of Env arrival at assembly sites.  

The neck-biased phenotype could be rescued in COS7 cells by mutation of the Env-CT, 

though not necessarily by mimicking the same mechanism. The d8 mutation’s capability to induce 

a neck-biased distribution in particles assembling on COS7 cells appears to be due to clashing 

with the Gag lattice, supported by previous studies proving that mutations in the Gag MA domain 
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can rescue the incorporation defects associated with the d8 mutation (Murakami and Freed, 

2000; Tedbury et al, 2013). However, we also considered the possibility that the host cell 

mechanism that regulates the timing of Env arrival may be disrupted by the d8 mutation as well. 

We conducted further experiments to better understand this host cell mechanism. We 

used single particle tracking of Env on the surfaces of live cells to confirm the model of 

cytoplasmic tail-dependent trapping of Env in Gag lattices that was crucial to the design of our 

initial experiments measuring angular distributions. The unbiased distributions of CTΔ144-Env, 

compared with the neck-biased distributions of WT- and d8-Env, already supported this model but 

did not prove it conclusively. Our single particle tracking data was able to show that significantly 

less Env becomes immobilized when the cytoplasmic tail is removed.  

However, our confocal imaging experiments suggest a possible alternative interpretation 

for both the unbiased angular distribution of CTΔ144-Env and the decreased fraction of 

immobilized Env on the cell surface. Both results could be explained by the much higher density 

of CTΔ144-Env observed on the plasma membrane. A larger total population of cell surface Env 

could cause a similar number of trapped Env trimers, immobilized by a constant density of Gag, 

to appear to be a smaller fraction of the larger total. However, our other experiments make this 

explanation implausible. First, it is inconsistent with the observed defect in CTΔ144-Env 

incorporation into released particles. If the unbiased distribution of CTΔ144-Env resulted from an 

increased density of trapping-competent cell surface Env, then the density of Env on released 

particles would also necessarily be increased. Second, the increased mobile fraction of CTΔ144-

Env is also seen in COS7 cells, which did not have a higher density of plasma membrane Env 

compared with WT. In addition, the increased mobile fraction of CTΔ144-Env in both cell types 

cannot be explained by saturation of the Env-trapping capacity of the constant density of Gag 

because previous studies show that incorporation of CTΔ144-Env into released particles is not 

saturable, whereas incorporation of WT-Env is (Qi et al, 2013). Given this, our data better 

supports the previously proposed model that the unbiased angular distribution and the decreased 

immobile fraction of CTΔ144-Env result because the cytoplasmic tail is necessary for the lattice 
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trapping of Env. This, in turn, leads to the incorporation defect; the failure of Env to become 

trapped in lattices decreases the chance of Env being present on the particle surface when the 

particle pinches off from the cell membrane, even at increased cell surface Env densities. 

The fact that the diffusion behaviors we observed by single particle tracking did not seem 

to differ between the two cell types means that these behaviors cannot explain the difference in 

Env angular distributions between them, which means that the host cell mechanism regulating the 

timing of Env-Gag encounters is not related to the diffusion characteristics of Env on the plasma 

membrane. We hypothesized that this timing could be regulated instead by the density of Env on 

the plasma membrane. Given the known endocytosis and recycling pathway of Env, the cell 

surface density of Env could be regulated by the endocytosis and intracellular retention of Env. 

We showed that the levels of intracellular WT-Env were considerably higher than CTΔ144-Env in 

CEM-A cells, but approximately the same as CTΔ144-Env in COS7 cells. Cell surface levels of 

WT-Env were low, compared with CTΔ144-Env in CEM-A, but slightly higher than CTΔ144-Env in 

COS7. These results are suggestive of a cytoplasmic tail-dependent regulation of trafficking 

through the recycling pathway by host cell machinery in the CEM-A cell line that is altered or 

absent in the COS7 cell line. In the T-cell-like CEM-A line, WT-Env becomes significantly 

internalized and sequestered in intracellular compartments, leading to Env encounters with Gag 

lattices late in lattice assembly, whereas the fibroblast-like COS7 cells either do not efficiently 

internalize or do not significantly retain Env intracellularly, leading to a much higher density of Env 

on the plasma membrane, earlier encounters with assembling Gag lattices, and increased 

incorporation into released particles. 

Removal of the cytoplasmic tail of Env was shown to impede internalization of Env, but 

the d8 mutation does not appear to impair endocytosis. In fact, as the intracellular pool of d8-Env 

is larger and the cell surface pool smaller than WT in both cell types, it seems that either 

internalization or retention, or possibly both, is upregulated by the d8 mutation. This could be 

explained by the single particle tracking data that shows that d8-Env trapping in Gag lattices is 

defective, which may cause more Env to be endocytosed because more un-trapped Env is 
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available. This seems to be supported by the comparison of Env incorporation between released 

particles produced by the two cell types. The cell type dependent differences observed for WT- 

and CTΔ144-Env were not seen in d8-Env, which would indicate that the incorporation defect 

seen in d8-Env is cell type independent. On the other hand, the FRAP results seemed to suggest 

that in CEM-A cells, retention of d8-Env may be upregulated compared with WT-Env. This assay 

cannot isolate endocytosis from recycling to the plasma membrane, however, so further 

experiments will be needed to establish if the d8 mutation impedes recycling to the plasma 

membrane. 

Development of a direct assay of Env exocytosis through the recycling pathway could 

isolate this process and allow for comparison of the return of internalized WT-Env to the plasma 

membrane against that of d8-Env. Preliminary protocols for such an assay have been tested, but 

a pH-sensitive labeling system is needed that will detect recycled Env only as it returns to the cell 

surface, and such a system has not yet been optimized. 

Further experiments will also be needed to identify the host cell machinery responsible 

for regulating the recycling pathway and the intracellular sequestration of Env during Gag 

assembly. Previous studies have implicated the vesicular trafficking protein FIP1C in Env 

incorporation into released particles (Qi et al, 2013; Qi et al, 2015, Kirschman et al, 2018) but its 

role is not well understood. Cellular and viral tools are in development to visualize native levels of 

FIP1C in infected cells, in collaboration with Eric Freed’s lab and with Huxley Hoffman and Sofya 

Norman of the Van Engelenburg lab. 

These are not the only questions raised by our results. Many aspects of the system of 

Env incorporation into assembling HIV-1 particles remain to be fully understood. However, these 

experiments have illuminated the mechanisms that both positively and negatively regulate 

incorporation, and therefore viral infectivity and immune visibility. We have shown that 

incorporation is upregulated by the trapping and retention of the Env-CT when it encounters Gag 

lattices, that incorporation is downregulated by a low density of available Env on the plasma 
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membrane, and that this low density is regulated by host cell modulated sequestration of rapidly 

internalized Env in the intracellular recycling pathway.



78 
 

REFERENCES 

Alfadhli, A., Barklis, R.L. and Barklis, E. 2009. HIV-1 matrix organizes as a hexamer of trimers on 

membranes containing phosphatidylinositol-(4,5)-bisphosphate. Virology 387(2): 466-472.  

 

Barbas, C.F. 3rd et al. 1992. Recombinant human Fab fragments neutralize human type-1 

immunodeficiency virus in vitro. Proc Natl Acad Sci USA 89(19): 9339-9343. 

 

Betzig, E. 1995. Proposed method for molecular optical imaging. Opt Lett 20(3): 237-239. 

 

Betzig, E., Patterson, G.H., Sograt, R., Lindwasser, O.W., Olenych, S., Bonifacino, J.S., 

Davidson, M.W., Lippincott-Schwartz, J. and Hess, H.F. 2006. Imaging intracellular fluorescent 

proteins at nanometer resolution. Science 313(5793): 1642-1645. 

 

Briggs, J.A., Riches, J.D., Glass, B., Bartonova, V., Zanetti, G. and Krausslich, H.G. 2009. 

Structure and assembly of immature HIV. Proc Natl Acad Sci USA 106(27): 11090-11095. 

 

Buchacher, A. et al. 1994. Generation of human monoclonal antibodies against HIV-1 proteins; 

electrofusion and Epstein-Barr virus transformation for peripheral blood lymphocyte 

immortalization. AIDS Res Hum Retroviruses 10(4): 359-369. 

 

Burton, D.R., Barbas, C.F. 3rd, Persson, M.A., Koenig, S., Chanock, R.M. and Lerner, R.A. 1991. 

A large array of human monoclonal antibodies to type 1 human immunodeficiency virus from 

combinatorial libraries of asymptomatic seropositive individuals. Proc Natl Acad Sci USA 88(22): 

10134-10137. 

 

Burton, D.R. et al. 1994. Efficient neutralization of primary isolates of HIV-1 by a recombinant 

human monoclonal antibody. Science 266(5187): 1024-1027. 



79 
 

 

Checkley, M.A., Luttge, B.G. and Freed, E.O. 2011. HIV-1 envelope glycoprotein biosynthesis, 

trafficking, and incorporation. J Mol Biol 410(4): 582-608. 

 

Chojnacki, J., Staudt, T., Glass, B., Bingen, P., Engelhardt, J., Anders, M., Schneider, J., Muller, 

B., Hell, S.W. and Krausslich, H.G. 2012. Maturation-dependent HIV-1 surface protein 

redistribution revealed by fluorescence nanoscopy. Science 338(6106): 524-528. 

 

Chojnacki, J., Waithe, D., Carravilla, P., Huarte, N., Galiani, S., Enderlein, J. and Eggeling, C. 

2017. Envelope glycoprotein mobility on HIV-1 particles depends on the virus maturation state. 

Nat Commun 8(1): 545. 

 

Craigie, R. and Bushman, F.D. 2012. HIV DNA integration. Cold Spring Harb Perspect Med 2(7): 

a006890 

 

Egan, M.A., Carruth, L.M., Rowell, J.F., Yu, X. and Siliciano, R.F. 1996. Human 

immunodeficiency virus type 1 envelope protein endocytosis mediated by highly conserved 

intrinsic internalization signal in the cytoplasmic domain of gp41 is suppressed in the presence of 

the Pr55gag precursor protein. J Virol 70(10): 6547-6556. 

 

Ellison, V., Abrams, H., Roe, T., Lifson, J. and Brown, P. 1990. Human immunodeficiency virus 

integration in a cell-free system. J Virol 64(6): 2711-2715. 

 

Farnet, C.M and Haseltine, W.A. 1990. Integration of human immunodeficiency virus type 1 DNA 

in vitro. Proc Natl Acad Sci USA 87(11): 4164-4168. 

 

Freed, E.O. 2015. HIV-1 assembly, release and maturation. Nat Rev Microbiol 13(8): 484-496. 



80 
 

 

Freed, E.O. 2002. Viral late domains. J Virol 76(10): 4679-4687. 

 

Freed, E.O and Martin, M.A. 1995. Virion incorporation of envelope glycoproteins with long but 

not short cytoplasmic tails is blocked by specific single amino acid substitutions in the human 

immunodeficiency virus type 1 matrix. J Virol 69(3): 1984-1989. 

 

Gottlinger, H.G., Dorfman, T., Sodroski, J.G. and Haseltine, W.A. 1991. Effect of mutations 

affecting the p6 gag protein on human immunodeficiency virus particle release. Proc Natl Acad 

Sci USA 88(8): 3195-3199. 

 

Groppelli, E., Len, A.C., Granger, L.A. and Jolly, C. 2014. PLoS Pathog 10(10): e1004518. 

 

Heilemann, M., van de Linde, S., Schuttpelz, M., Kasper, R., Seefeldt, B., Mukherjee, A., 

Tinnefeld, P. and Sauer, M. 2008. Subdiffraction-resolution fluorescence imaging with 

conventional fluorescent probes. Angew Chem Int Ed Engl 47(33): 6172-6176. 

 

Huang, B., Wang, W., Bates, M. and Zhuang, X. 2008. Three-dimensional super-resolution 

imaging by stochastic optical reconstruction microscopy. Science 319(5864): 810-813. 

 

Huang, M., Orenstein, J.M., Martin, M.A. and Freed, E.O. 1995. p6Gag is required for particle 

production from full-length human immunodeficiency virus type 1 molecular clones expressing 

protease. J Virol 69(11): 6810-6818. 

 

Jaqaman, K., Loerke, D., Mettlen, M., Kuwata, H., Grinstein, S., Schmid, S. and Danuser, G. 

2008. Robust single-particle tracking in live-cell time-lapse sequences. Nat Methods 5(8): 695-

702. 



81 
 

 

Jorgenson, R.L., Vogt, V.M. and Johnson, M.C. 2009. Foreign glycoproteins can be actively 

recruited to virus assembly sites during pseudotyping. J Virol 83(9): 4060-4067. 

 

Kao, H.P. and Verkman, A.S. 1994. Tracking of single fluorescent particles in three dimensions: 

use of cylindrical optics to encode particle position. Biophys J 67(3): 1291-1300. 

 

Kirschman, J., Qi, M., Ding, L., Hammonds, J., Dienger-Stambaugh, K., Wang, J.J., Lapierre, 

L.A., Goldenring, J.R. and Spearman, P. 2018. HIV-1 envelope glycoprotein trafficking through 

the endosomal recycling compartment is required for particle incorporation. J Virol 92(5): e01893-

17 

 

Klasse, P.J. 2012. The molecular basis of HIV entry. Cell Microbiol 14(8): 1183–1192. 

 

Kwong, P.D., Wyatt, R., Robinson, J., Sweet, R.W., Sodroski, J. and Hendrickson, W.A. 1998. 

Structure of an HIV gp120 envelope glycoprotein in complex with the CD4 receptor and a 

neutralizing human antibody. Nature 393: 648-659. 

 

Lippincott-Schwartz, J., Freed, E.O. and van Engelenburg, S.B. 2017. A consensus view of 

ESCRT-mediated human immunodeficiency virus type 1 abscission. Annu Rev Virol 4(1): 309-

325.  

 

Lucic, B. and Lusic, M. 2016. Connecting HIV-1 integration and transcription: a step toward new 

treatments. FEBS Lett 590(19): 1927-1939. 

 



82 
 

Mammano, F., Kondo, E., Sodroski, J., Bukovsky, A. and Gottlinger, H.G. 1995. Rescue of 

human immunodeficiency virus type 1 matrix protein mutants by envelope glycoproteins with 

short cytoplasmic domains. J Virol 69(6): 3824-3830. 

 

McCune, J.M., Rabin, L.B., Feinberg, M.B., Lieberman, M., Kosek, J.C., Reyes, G.R. and 

Weissman, I.L. 1988. Endoproteolytic cleavage of gp160 is required for the activation of human 

immunodeficiency virus. 

 

Murakami, T. and Freed, E.O. 2000. Genetic evidence for an interaction between human 

immunodeficiency virus type 1 matrix and alpha-helix 2 of the gp41 cytoplasmic tail. J Virol 74(8): 

3548-3554. 

 

Ono, A., Ablan, S.D., Lockett, S.J., Nagashima, K. and Freed, E.O. 2004. Phosphatidylinositol 

(4,5) bisphosphate regulates HIV-1 gag targeting to the plasma membrane. Proc Natl Acad Sci 

USA 101(41): 14889-14894. 

 

Ono, A. and Freed, E.O. 2001. Plasma membrane rafts play a critical role in HIV-1 assembly and 

release. Proc Natl Acad Sci USA 98(24): 13925-13930. 

 

Ono, A., Huang, M. and Freed, E.O. 1997. Characterization of human immunodeficiency virus 

type 1 matrix revertants: effects on virus assembly, gag processing, and env incorporation into 

virions. J Virol 71(6):4409-4418. 

  

Postler, T.S. and Desrosiers, R.C. 2013. The tale of the long tail: the cytoplasmic domain of HIV-1 

gp41. J Virol 87(1): 2-15. 

 



83 
 

Qi, M., Chu, H., Chen, X., Choi, J., Wen, X., Hammonds, J., Ding, L., Hunter, E. and Spearman, 

P. 2015. Maturation-dependent HIV-1 envelope glycoprotein tail mediates cel-type- and Rab11-

FIP1C-dependent incorporation into virions. Proc Natl Acad Sci USA 112(24): 7575-7580. 

 

Qi, M., Williams, J.A., Chu, H., Chen, X., Wang, J.J., Ding, L., Akhirome, E., Wen, X., Lapierre, 

L.A., Goldenring, J.R. and Spearman, P. 2013. Rab11-FIP1C and Rab14 direct plasma 

membrane sorting and particle incorporation of the HIV-1 envelope glycoprotein complex. PLoS 

Pathog 9(4): e1003278. 

  

Roben, P., Moore, J.P., Thali, M., Sodroski, J., Barbas, C.F.3rd and Burton, D.R. 1994. 

Recognition properties of a panel of human recombinant Fab fragments to the Cd4 binding site of 

gp120 that show differing abilities to neutralize human immunodeficiency virus type 1. J Virol 

68(8): 4821-4828. 

 

Roy, N.H., Chan, J., Lambele, M. and Thali, M. 2013. Clustering and mobility of HIV-1 env at viral 

assembly sites predicts propensity to induce cell-cell fusion. J Virol 87(13): 7516-7525. 

 

Saad, J.S., Miller, J., Tai, J., Kim, A., Ghanam, R.H. and Summers, M.F. 2006. Structural basis 

for targeting HIV-1 gag proteins to the plasma membrane for virus assembly. Proc Natl Acad Sci 

USA 103(30): 11364-11369.  

 

Shtengel, G., Galbraith, J.A., Galbraith, C.G., Lippincott-Schwartz, J., Gillette, J.M., Manley, S., 

Sougrat, R., Waterman, C.M., Kanchanawong, P., Davidson, M.W., Fetter, R.D. and Hess, H.F. 

2009. Interferometric fluorescent super-resolution microscopy resolves 3D cellular ultrastructure. 

Proc Natl Acad Sci USA 106(9): 3125-3130. 

 



84 
 

Sochacki, K.A., Shtengel, G., van Engelenburg, S.B., Hess, H.F., and Taraska, J.W. Correlative 

super-resolution fluorescence and metal-replica transmission electron microscopy. Nat Methods 

11(3): 305-308. 

 

Stano, A., Leaman, D.P., Kim, A.S., Zhang, L., Autin, L., Ingale, J., Gift, S.K., Truong, J., Wyatt, 

R.T., Olson, A.J. and Zwick, M.B. 2017. Dense array of spikes on HIV-1 virion particles. J Virol 

91(14): e00415-17 

 

Sundquist, W.I. and Krausslich, H.G. 2012. HIV-1 assembly, budding, and maturation. Cold 

Spring Harb Perspect Med 2(7): a006924. 

 

Tedbury, P.R., Ablan, S.D. and Freed, E.O. 2013. Global rescue of defects in HIV-1 envelope 

glycoprotein incorporation: implications for matrix structure. PLoS Pathog 9(11): e1003739. 

 

Tedbury, P.R. and Freed, E.O. 2014. The role of matrix in HIV-1 envelope glycoprotein 

incorporation. Trends Microbiol 22(7): 372-378. 

 

Tremblay, M., Sullivan, A.K., Rooke, R., Geleziunas, R., Tsoukas, C., Shematek, G., Gilmore, N. 

and Wainberg, M.A. 1989. New CD4(+) cell line susceptible to infection by HIV-1. J Med Virol 

28(4): 243-249. 

 

Trkola, A., Purtscher, M., Muster, T., Ballaun, C., Buchacher, A., Sullivan, N., Srinivasan, K., 

Sodroski, J., Moore, J.P. and Katinger, H. 1996. Human monoclonal antibody 2G12 defines a 

distinctive neutralization epitope on the gp120 glycoprotein of human immunodeficiency virus 

type 1. J Virol 70(2): 1100-1108. 

 



85 
 

Van Engelenburg, S.B., Shtengel, G., Sengupta, P., Waki, K., Jarnik, M., Ablan, A.D., Freed, 

E.O., Hess, H.F. and Lippincott-Schwartz, J. 2014. Distribution of ESCRT machinery at HIV 

assembly sites reveals virus scaffolding of ESCRT subunits. Science 343(6171): 653-656. 

 

Zhou, W., Parent, L.J., Wills, J.W. and Resh, M.D. 1994. Identification of a membrane-binding 

domain within the amino-terminal region of human immunodeficiency virus type 1 gag protein 

which interacts with acidic phospholipids. J Virol 68(4): 2556-2569. 

 

Zhu, P., Chertova, E., Bess, J.Jr., Lifson, J.D., Arthur, L.O., Liu, J., Taylor, K.A. and Roux, K.H. 

2003. Electron tomography analysis of envelope glycoprotein trimers on HIV and simian 

immunodeficiency virus type 1 matrix. Proc Natl Acad Sci USA 100(26): 15812-15817. 


