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Abstract  
 HIV-1 Rev is a protein responsible for transporting partially spliced and fully unspliced 

HIV-1 RNA from the nucleus. HIV-1 hijacks the cellular nuclear export factor Crm1, recruiting 

it to partially spliced and fully unspliced HIV-1 RNA, which contains a structured RNA element 

called the “Rev Response Element", or RRE. Once in the cytoplasm, the full length HIV-1 RNA 

can be used for translation of late viral proteins, or can be packaged into virions. The structure of 

the HIV-1 nuclear export complex has been solved using electron microscopy. The model 

determined from the EM structure has two copies of Crm1 surrounding a hexamer of Rev bound 

to the RRE. However, Crm1 has always been thought to work as a monomer in vivo. This work 

shows evidence for a presence of a Crm1 dimer in vivo, in conditions with and without the other 

components of the HIV-1 nuclear export complex present.  
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I. Introduction 
Nuclear Transport 

 In eukaryotic cells, nuclear transport is required for the sorting of proteins and RNAs 

between the cytoplasm and the nucleus. Nuclear transport is vital for maintaining cellular 

compartmentalization.  Large molecules are transported through the nuclear envelope through a 

large protein complex called the nuclear pore. The nuclear pore complex is composed of 

approximately 30 distinct nuclear pore complex components, with a total mass of 120 

megadaltons in mammals (1, 2).  

Transport through these nuclear pore complexes (NPCs) is highly regulated. Large 

molecules are escorted through the NPC by importins or exportins. Importins and exportins ferry 

their cargo through the NPC to the appropriate side of the nuclear envelope. Importins carry 

cargo from the cytoplasm to the nucleus, while exportins shuttle cargo from the nucleus to the 

cytoplasm. Proteins that are imported to the nucleus from the cytoplasm have a nuclear 

localization signal (NLS). An NLS on a protein is then bound by an importin, which helps 

transport the cargo through the NPC into the nucleus. Proteins that are exported from the nucleus 

to the cytoplasm have a nuclear export sequences (NES).  

 

Nuclear Export Sequence 

 A nuclear export sequence (NES) is typically a sequence of 4 hydrophobic amino acids, 

interspersed with other amino acids. The most common pattern for an NES is LxxxLxxLxL, 

where ‘L’ is a hydrophobic amino acid, typically leucine, and ‘x’ is an amino acid of a random 

type (3). The proteins that recognize the NES of a protein are called exportins.  
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Karyopherins 

 Both importins and exportins belong to a family of proteins called karyopherins. 

Karyopherins typically have a HEAT repeat domain, which is a highly modular domain 

consisting of repeated alpha helices (4). Karyopherins interact with a small GTPase named Ran, 

which provides directionality to nuclear transport.  

 

Ran 

 Ran is a human Ras-related GTPase. There are two pools of Ran in the cell: GTP-bound 

Ran and GDP-bound Ran. Ran provides directionality nuclear export because Ran is primarily in 

the GTP-bound form in the nucleus, and primarily in the GDP-bound form in the cytoplasm. In 

the nucleus, a protein called Ran Guanidine nucleotide Exchange Factor (RanGEF) removes the 

diphosphate nucleotide RanGDP is bound to and exchanges it for GTP. RanGEF ensures that the 

majority of the population of Ran in the nucleus is RanGTP. Similarly, there is a protein in the 

cytoplasm that ensures that the population of Ran in the cytoplasm is primarily RanGDP. This 

protein is Ran GTPase Activating Protein, or RanGAP. Ran is a weak GTPase by itself, but with 

the stimulatory activity provided by RanGAP, Ran bound to GTP quickly hydrolyzes to RanGDP 

in the cytoplasm (5). 
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Figure 1. Diagram of RanGTP/GDP cycle. Adapted from Cullen, et al., 2003. 

 

 This cycle of Ran provides directionality to transport, because importins selectively bind 

RanGDP, and exportins selectively bind RanGTP. An importin will bind RanGDP in the 

cytoplasm, translocate through the NPC to the nucleus, then RanGEF will exchange GDP for 

GTP, releasing the importin and the cargo. RanGTP is then free to bind an exportin (bound to its 

cargo), transport to the cytoplasm, and then hydrolyze GTP to GDP with the help of RanGAP. 

This hydrolysis causes the exportin to dissociate from both RanGDP and its cargo.  
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Crm1 

Crm1, or Exportin-1, is a human nuclear export protein.  Crm1 is highly conserved, and 

was originally discovered in yeast as being essential for higher order chromatin structure (7). 

Crm1, similarly to other exportins, interacts with RanGTP to transport its cargo out of the 

nucleus. Crm1 recognizes the leucine-rich NES of a cargo.  Crm1 has been associated with the 

nuclear export of several proteins, including centrosome-related proteins, tumor-suppressor and 

oncogene proteins, and other nuclear-cytoplasmic shuttling proteins, such as Snurportin (8).  

Crm1 is also responsible for the export of several cellular RNAs, including ribosomal 

RNAs and snRNAs. All of the known RNAs that export the nucleus through Crm1 do so through 

the use of an adapter protein.  These adapter proteins selectively recognize the RNA to be 

exported, and then recruit Crm1 through the adapter protein’s NES. This tertiary complex is then 

exported through the NPC with RanGTP (6).  

HIV also utilizes the export capacity of Crm1, by hijacking it to export HIV RNA. HIV 

has a protein, Rev, specifically to hijack Crm1 to export HIV mRNA.  
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Figure 2. Diagram of Crm1's cargos and adapters for those cargos. Adapted from Cullen, et al., 
2003. 

 
 

HIV Rev and Nuclear Export 

 HIV-1 is alternately spliced into 2kb, 4kb, and 9kb viral mRNAs. Only the fully spliced 

2kb transcript is void of introns. The 4kb and 9kb viral mRNAs are retained in the nucleus 

through normal cellular factors that prevent intron-containing mRNAs from leaving the nucleus. 

However, the 2kb transcript can exit the nucleus through standard mRNA export pathways, and 
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be transported into the cytoplasm, where it can be translated to produce early viral proteins—Tat, 

Nef, and Rev.  

HIV-1 Rev (regulator of expression of virion proteins) is a protein that is responsible 

exporting intron-containing viral RNA out of the nucleus. Rev localizes to the nucleus through 

its NLS, an arginine rich motif which also serves as a RNA binding domain. Once transported to 

the nucleus, Rev then oligomerizes on a highly structured region of a HIV-1 intron, known as the 

Rev response element (RRE). The RRE is present in all partially unspliced and fully unspliced 

HIV mRNAs.  

Once oligomerized, the NES domain of Rev, which is located towards the C terminal 

end, recruits the human nuclear export protein Crm1 (also known as Exportin-1). Crm1 

recognizes the NES of Rev (and other cellular export cargos) and binds to another cellular co-

factor, Ran. Once in this higher order complex of HIV mRNA, Rev oligomer, Crm1 and 

RanGTP, this entire complex is exported through the nuclear pore, directed by Crm1.  

 Once in the cytoplasm, the partially spliced and fully unspliced HIV mRNAs can be 

translated to produce late viral proteins, or the fully unspliced HIV mRNA can be packaged as 

the HIV genome into budding virions.  

 In addition to its central role in the export of RNA, Rev is thought to be implicated in 

several other stages of viral replication, including translation of late viral proteins and 

encapsidation of full length genomic HIV RNA into budding virions.  
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II.  Background and Previous Research 
HIV-1 Rev assembly on the RRE 

HIV-1 Rev is a small, 116 amino acid protein.  The N-terminal domain, of which most of 

the crystal structures are comprised of, is in the form of a helix-loop-helix (9). Two published 

crystal structures of Rev in a dimeric state have been solved. Each of the structures shows a 

different oligomerization structure and interface, providing a model for Rev oligomerization on 

both faces of the Rev molecule (Figures 3 and 4).  

 

 

Figure 3. Crystal structure of dimeric Rev, modeled as a hexamer. Critical residues for 
dimerization and oligomerization are identified. Adapted from Daugherty, M., et al., 2010. 
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Figure 4. Visualization of the oligomerization interaction of Rev monomers. The dimerization 
interface in this image is binding the Fab molecules that were used to facilitate crystallization. 
From DiMattia, M., et al. 2010. 

 

For the assembly of Rev upon the RRE, the Arginine Rich Motif  (ARM) is required for 

oligomerization. However, just the ARM is not sufficient for oligomerization (11). In the context 

of the whole protein, it is clear that Rev binds cooperatively to the RNA, nucleating at a high 

affinity site in the RRE, Stem IIB (11). It is possible that oligomerization upon the RRE, instead 

of single or dimeric Rev binding being sufficient for transport, provides timing for the viral life 

cycle by insuring that there is a threshold concentration of Rev. 

Based on what is known of the assembly of Rev oligomers and the recognition of the 

NES of Rev by Crm1, a model of the nuclear export complex can be developed. The model is 

called the “jellyfish model” based on the overall architecture of the model. Using the crystal 

structures of the Rev dimers and Crm1/Ran, as well as a NMR structure of the RRE, a model can 

be stitched together (Figure 5). In this model, the high affinity site of Stem IIB is at the top, and 

Rev oligomerizes on the RNA. The NES “tails” of Rev then are positioned to the opposite side of 

the RNA, and can be recognized by either one Crm1/Ran particle, or two.  
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Figure 5. Jellyfish model of the HIV-1 nuclear export complex. 

 

HIV-1 Nuclear Export Complex 

 The HIV-1 nuclear export complex consists of HIV-1 mRNA, Rev, hCrm1, and 

hRanGTP. A way to purify this complex in vitro has been developed in the Frankel lab. The 

biochemical assembly of RRE/Rev/Crm1/RanGTP complexes, as analyzed by pull downs and 

size exclusion chromatography, can be used for various biochemical and structural studies 

(Figures 6 and 7).  
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Figure 6. Pulldowns of the complex, showing the strongest presence of Crm1 only in conjunction 
with the presence of the RRE, Rev, and RanGTP (boxed column). 

 

  

 

Figure 7. Size exclusion chromatography of the HIV-1 nuclear export complex (left). Fractions 
from the size exclusion chromatography were then run on a gel and the individual components of 
the complex can be seen (right). 
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HIV-1 Nuclear Export Complex Structure 

 Through the work of current Frankel lab member David Booth, a structure of the entire 

nuclear export compex has been solved through negative stain electron microscopy (EM) at 32 Å 

(Figure 8). Because Crm1 makes a distinct bowl-like shape at EM resolution, and the crystal 

structure of hCrm1 is available, it was possible to solve the structure in a unique fashion, with 

little ambiguity as to the positions of the components. The EM density accommodates enough 

density for the presence of two Crm1/Ran heterodimers. The structure of the nuclear export 

complex, even at a 32 Å resolution, still provides important structural information.   

 

   

Figure 8. EM structure of the HIV-1 nuclear export complex at 32 Angstroms (left). The known 
crystal structures of hCrm1 and Ran have been fitted into the density (right). Residues in Crm1 
that recognize the nuclear export sequence of Rev are shown in yellow. 

  



	   12 

Human vs. murine Crm1 

 Crm1 is a highly conserved protein across species. Human and murine Crm1 are 98% 

identical. However, HIV-1 cannot use murine Crm1 to efficiently transport the nuclear export 

complex across the nuclear membrane, suggesting that Rev and/or the RRE are highly specific 

for  human Crm1. In mouse cells, only the addition of human Crm1 and not murine Crm1 highly 

stimulates the production of p24 in virus like particles (Lane 4 vs Lane 3 of Figure 9). In a 

system where export of RNA is not dependent on Rev and the RRE (the Constitutive Transport 

Element, or CTE), addition of human or mouse Crm1 does not affect transport. (Lanes 6-9 of 

Figure 9).  

 

Figure 9. Western blot of Virus Like Particles (VLPs) from mouse 3T3 cells. Adapted from 
Sherer et al, 2011. 

 

 In the EM structure, the human-specific residues lie in the cleft between the two Crm1 

molecules where the extra density for Rev and the RRE is. This suggests an interaction between 

Rev along the human/murine divergent patch of Crm1 (Figure 10).  
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Figure 10. EM structure of Crm1 with divergent residues between human and murine Crm1 
shown in orange. NES recognition residues are shown in yellow, and Rev/RRE density is shown 
in red. 

 

Unique binding surface for Rev 

 The density for Rev/RRE that is available  after both Crm1 molecules have been fit to the 

EM structure shows room for six monomers of Rev. Interestingly, Rev seems to bind at different 

site than other Crm1 cargos. Snurportin, a known cargo of Crm1, binds at a site opposite Crm1 

from the Rev binding site (Figure 11).  
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Figure 11. EM structure of the nuclear export complex. Crm1 molecules shown in grey. 
Rev/RRE density is shown in red and Snurportin is shown in blue. 
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III. Goals and Experimental Overview  
 The EM model shows two copies of a Crm1/Ran heterodimer. However, the idea that 

Crm1 might form a dimer is unprecedented. The presence of a Crm1 dimer has never been 

investigated or validated. The EM structure is the first known example of evidence of a Crm1 

dimer. Since it was previously believed that Crm1 acted as a monomer in all known export 

complexes Crm1 is part of, in vivo evidence of the presence of a Crm1 dimer was desired to help 

validate the EM structure. To this end, experiments were done to verify the presence of a dimeric 

Crm1 complex in vivo. 

 Both Flag-tagged and Strep-tagged Crm1 plasmids are transfected into Hek293T cells. 

Then, the complex is pulled down using Strep-tactin beads to bind to the Strep-tagged Crm1. 

Once the complexes containing a Strep-tagged Crm1 have been eluted from the beads, a Western 

blot can be performed, using an anti-Flag antibody. In this way it can be determined if Crm1 

forms a dimer (Figure 12).  Only dimers of Crm1 that have one Strep-tagged Crm1 and one Flag-

tagged Crm1 will show up on the Western blot. This entire process can be done in the presence 

or absence of all components of the HIV-1 nuclear export complex, like Rev and the RRE. When 

Rev is transfected in as part of the nuclear export complex, Flag-Rev is used so that it can be 

determined on the same Western blot whether or not Rev is being pulled down with the complex.   

 By investigating the presence of a Crm1 dimer in this manner, it will allow for the easy 

identification of not only a Crm1 dimeric interaction, but the presence or absence of other 

nuclear export complex components as well.  
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Figure 12. Schematic of the experimental workflow. 
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IV. Methods 
For tagged Crm1 expression experiment:  

Plated 3 x 15 cm plates with Hek293T cells at ~5 million cells/15 cm plate. Transfected each 

plate as follows using the PolyJet transfection reagent protocol: 

Plate 1: 1.25 µg empty plasmid 

Plate 2: 5 µg N-Flag Crm1 plasmid 

Plate 3: 5 µg N-Strep Crm1 plasmid.  

 

PolyJet transfection reagent protocol scaled to a 15 cm plate is as follows:  

1. For each plate, add 15 ml of complete medium with serum and antibiotics freshly 30~60 

minutes before transfection. 

2. For each plate, dilute DNA into 250 µL of serum-free DMEM with High Glucose. Gently 

pipette up and down or vortex briefly to mix. 

3. For each ug of DNA, dilute 3 µL of PolyJet™ reagent into 250 µL total of serum-free DMEM 

with High Glucose. Gently pipette up and down 3~4 times to mix.  

Note: Never use Opti-MEM to dilute PolyJet™ reagent and DNA, it contains serum and will 

disrupt transfection complex. 

4. Add the diluted PolyJet™ reagent immediately to the diluted DNA solution all at once. 

(Important: do not mix the solutions in the reverse order !)  

5. Immediately pipette up and down 3~4 times or vortex briefly to mix. 

6. Incubate for 10~15 minutes at room temperature to allow PolyJet™/DNA complexes to form.  

Note: Never keep the PolyJet™/DNA complex longer than 20 minutes. 

7. Add the 500 µL PolyJet™/ DNA mixture drop-wise onto the medium in each plate and 

homogenize the mixture by gently swirling the plate. 
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15 cm plates were harvested as follows: 

1. Media was aspirated off.  

2. 5 mL chilled 1X PBS + 10 mM EDTA was added to each plate and pipetted up and down until 

cells were dissociated. Cells in PBS were then transferred to a 15 mL conical tube.  

3. Cells were spun at 250xg for 10 minutes at room temperature.  

4. Supernatant was aspirated off.  

5. Cell pellets were resuspended in 3 mL chilled 1X PBS + 10 mM EDTA.  

6. Cells were spun again at 250xg for 10 minutes at room temperature.  

7. Supernatant was aspirated off.  

 

The cell pellets from each plate were then frozen in liquid nitrogen and stored at -80 °C until 

lysis and Western blot.  

Cell pellets were thawed and resuspended in 2 mL Minimal Lysis Buffer per cell pellet.  

Minimal Lysis Buffer: 

2% (w/v) SDS 

60 mM Tris pH 6.8 

 

Bradford assay of each cell lysate was performed, using BSA as a standard.  

Minimal Lysis Buffer was added as needed to make total protein concentration in each sample 

equal.  

SDS PAGE gel was run of samples and serial dilutions of the samples. SDS-PAGE gel was then 

transferred to a PVDF membrane. Membrane was blocked overnight in 5% milk in PBS-T. 
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Primary antibody of α-Crm1 was added for 1 hr at room temperature. Secondary antibody of 

goat α-mouse IgG-HRP conjugated was added for 1 hr at room temperature. Membrane was then 

developed and exposed for 1 hour.  

 

Pulldown experiment:  

1. All pulldown experiments were performed in 15 cm plates with Hek 293T cells.  

2. Transfections were performed using PolyJet protocol as described above. All plates were 

transfected with 18 µg of DNA total. When any one component of the nuclear export complex 

was not transfected in, an equivalent amount (in µg) of empty plasmid was transfected instead.  

3. Cells were harvested using protocol described above.  

4. Each cell pellet was resuspended in 100 µL 1X Lysis Buffer.  

Lysis Buffer: 

50 mM HEPES pH 7.5 

50 mM KCl 

2 mM MgOAc 

0.5% (w/v) NP40 

0.25% (w/v) DOC 

5% (w/v) glycerol  

1 Protease Inhibitor (PI) mini-tablet per 10 mL buffer 

0.001 mg/mL DNase I 

2 mM β-mercaptoethanol 

 



	   20 

5. Once cells were resuspended in Lysis Buffer, they were transferred into 1.7 mL epindorf 

tubes. Lysates were then rotated end over end at 4 °C for 1 ~ 1½ hours. After 30 minutes of 

rotating end over end, a Bradford assay was performed on the lysates. Lysis buffer was then 

added as needed to make the total protein concentration in each lysate sample equal. Lysates 

were then spun down at max speed on a tabletop centrifuge at 4 °C for 15 minutes.  

6. Meanwhile, 40 µL of a 50/50 slurry of Strep-tactic beads was aliquoted for each sample.  

7. Beads were spun at 500xg for 5 minutes at 4 °C for 5 minutes. Supernatant was removed using 

gel loading tips.  

8. 200 µL of Wash Buffer was added to beads and beads were resuspended.  

Wash Buffer: 

Same as lysis buffer (see above) but with no NP40, DOC, DNase I, or PI tablet, and with 200 

mM NaCl.  

 

9. Beads were spun at 500xg for 5 minutes at 4 °C for 5 minutes. Supernatant was removed using 

gel loading tips.  

10. Previous two steps were repeated once more.  Beads were left without buffer for a short 

period. 

11. 5 µL aliquot of lysate supernatant (from Step 5) was saved as input. 100 µL of each sample 

lysate supernatant was added to equilibrated beads.  

12. Samples were rotated end over end at 4 °C for ~1 hour to allow binding to beads.  

13. Beads were spun at 500xg for 5 minutes at 4 °C for 5 minutes. Supernatant was removed 

using gel loading tips and saved as “Supernatant”.  

14. Beads were resuspended in 100 µL Wash Buffer.  
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15. Beads were spun at 500xg for 5 minutes at 4 °C for 5 minutes. Supernatant was removed 

using gel loading tips and saved as “Wash 1”.  

16. Steps 14-15 were repeated 4 times, saving each wash separately.  

17. Beads were resuspended in 50 µL of Elution Buffer. Samples were then rotated end over end 

at 4 °C for 15 minutes.  

Elution Buffer:  

Same as wash buffer, but with 200 µM d-Biotin (made from a stock of 5 mM d-Biotin in DMF).  

 

18. Beads were spun at 500xg for 5 minutes at 4 °C for 5 minutes. Supernatant was removed 

using gel loading tips and saved as “Elution 1”. 

19. Steps 17-18 were repeated 2 times, saving each elution separately.  

20. All samples were stored at -20 °C until Western blot was performed.  

21. SDS-PAGE of samples was run on a 4-15% gradient gel.  

22. Gel was transferred to PVDF membrane and blocked in a 5% milk solution for 2-18 hours.  

23. Primary antibody of mouse α-Flag was administered for 40 minutes at room temperature.  

24. Secondary antibody of goat α-mouse IgG HRP was administered for 1 hour at room 

temperature.  

25. Membrane was developed and exposed for times varying from 30 seconds-40 minutes.  

 

Preliminary Experiment:  Determine the relative expression of Strep-tagged Crm1 and Flag-

tagged Crm1. Transfected in Strep-tagged, Flag-tagged Crm1, or empty plasmid. Blotted with α-

Crm1 and estimated relative expression levels.  

  



	   22 

Experiment/Pulldown: 

Plates were transfected as follows: 

 Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 
N-flag 
hCrm1 
(4 µg) 

+ 
 

+ + + + X 

N-strep 
hCrm1 
(8 µg) 

- + + + + + 

N-flag 
Rev 

(2 µg) 

+ - - + + + 

Gag/pol 
RRE (4 
µg) 

+ - + - + + 

N-flag 
mCrm1 
(4 µg) 

X X X X X + 
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V. Results 
 From the Western of the first preliminary experiment, it appeared that N-Flag hCrm1 

expressed at approximately twice the level of N-Strep Crm1. For all following pulldown 

experiments, N-Strep hCrm1 was transfected at twice the amount as N-Flag hCrm1, accordingly 

(Figure 13).  

 The pulldown of N-Flag Crm1 in the absence of N-Strep Crm1 is almost entirely absent 

(See Figure 14, Lane 5), which is to be expected.  Previously there was a problem of N-Flag 

Crm1 pulling down in the absence of N-Strep Crm1, indicating an unspecific interaction between 

the N-flag tag and the Strep-tactin beads. However, the addition of a more stringent salt wash 

greatly reduced the background, although some amount of nonspecific interaction can still be 

seen during a significantly longer exposure.  

 

Figure 13. Western of preliminary experiment. 1 hour exposure. Within each marked section, 
each consecutive lane is a 1/2 dilution of the previous lane. The first lane in each section is 
undiluted lysate. 
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There appears to be a weak dimer formed between N-flag Crm1 and N-Strep Crm1. This 

occurs even in the absence of any other HIV-1 nuclear export complex components. (Figure 14, 

Lane 1). This is the first evidence for the formation of a Crm1 dimer.  

The presence of Rev alone seems to stimulate the assembly of a Crm1 dimer slightly 

(Lane 2 compared to Lane 1 of Figure 14). The presence of the RRE alone seems to stimulate 

Crm1 dimerization by an even greater amount (Lane 3 compared to Lane 1 of Figure 14). 

Surprisingly, however, the presence of both Rev and the RRE does not seem to have an additive 

effect in Crm1 dimerization; contrarily, it seems that the addition of both Rev and the RRE 

stimulates Crm1 dimer formation less than the RRE by itself. (Lane 4 of Figure 14).   

 

 

Figure 14. Western of pulldown experiment, 1 minute exposure. "H" refers to human Crm1, "M" 
refers to mouse Crm1. The pulldown was of the Strep tag, and the primary antibody was anti-
Flag. 
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These changes seem much less significant when the input of the pulldowns is also 

considered. While the pulldown of N-flag Crm1 in the absence of N-strep Crm1 is nothing, we 

see that it also had the greatest Crm1 input for the pulldown, indicating that the more stringent 

wash conditions to get rid of non-specific interactions were successful (Figure 14, Lane 5, 

bottom panel). Looking at the pattern described earlier in the other samples, it appears that the 

inputs roughly follow the same pattern (excluding the pulldown of N-flag Crm1 in the absence of 

N-strep Crm1, which was already discussed). For example, the strongest dimer interaction from 

the pulldown is when the RRE is present, but not Rev. However, the input of this pulldown 

sample is also significantly higher than the other samples. This indicates that the differing 

apparent strengths in the Crm1 dimer interactions among the samples is from the difference in 

Crm1 presence in the inputs (See Figure 14, Lanes 1-4, bottom vs top row).  

 There does seem to be a slight differential between human and mouse N-flag Crm1 in 

terms of dimerization. It appears that an N-strep humanCrm1/N-flag mouseCrm1 dimer does not 

form as strong an interaction as a N-strep humanCrm/N-flag humanCrm1 dimer (Lane 7 

compared to Lane 6 of Figure 14). This remains true even when you take into account the inputs, 

as the input of the sample with N-flag mouseCrm1 is at least as strong as the N-flag humanCrm1 

sample, if not greater.  
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Figure 15. Western of pulldown experiment, 40 minute exposure. The pulldown was of the Strep 
tag, and the primary antibody was anti-Flag. 

 

 Although the inputs were standardized in regard to total protein concentration of the cell 

lysates, there was clearly still some variability in regard to Crm1 and Rev expression.  

 The presence of Rev in the pulldown experiments is easily seen in all inputs, in the plates 

where Rev was transfected in (See Figure 15, Lanes 2, 4, and 5). However, the only pulldown 

where Rev is seen in the elution is the pulldown of N-flag Crm1 and N-strep Crm1 with only 

Rev. However, the input for Rev in the sample with N-flag Crm1, N-strep Crm1, Rev and the 

RRE is very weak. This indicates that Rev could be pulling down with the complex in the Strep- 

pulldown, but the presence of Rev in the elution could be below the detection limit of the 

Western blot.  
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VI. Discussion 
 The evidence shown here indicates that a dimer of Crm1 occurs natively. This supports 

the Frankel lab EM model of the HIV-1 nuclear export complex. Although it would have been 

interesting if the addition of HIV-1 components of the export complex stimulated the presence of 

a Crm1 dimer, the presence of a native Crm1 is still strong evidence for this model. It is also 

possible that the presence of Rev and HIV-1 RNA stimulate the association of the Crm1 dimer in 

the context of a viral infection, but the transfection of these components in a non-infected context 

is not enough to stimulate the association.  

 In regard to the absence of Rev in the pulldown elution of all components of the nuclear 

export complex, there are several reasons this could be possible. As mentioned above, the low 

input of Rev in that particular sample might be enough to account for the absence of Rev in the 

pulldown. However, it is known that in the absence of the RRE, Rev is primarily nuclear. This 

might give it a higher chance of interacting with Crm1, which is also localized in the nucleus. 

With the RRE also present, it is possible this leads to more cycling through the Crm1 export 

cycle, leading to a higher cytoplasmic concentration of Rev, which dissociates from Crm1 after 

export.  

 The lack of a response to HIV-1 components of the nuclear export complex could be 

taken as an indication that the dimer interactions of Crm1 shown  here are spurious from the high 

levels of Crm1 that was transfected into the cells. However, a high concentration of Crm1 is 

needed to ensure that all Crm1 being used in the cells is tagged; otherwise, the dimer interactions 

would be unobservable using this experimental setup.  

 The observation that the dimer between N-flag Crm1 and N-strep Crm1 appears weaker 

when N-flag mouseCrm1 is used instead of N-flag humanCrm1 has interesting implications. 

That a dimer still forms at all indicates that the divergent human/mouse residues are not essential 
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for dimerization of Crm1. However, the weakened interaction indicates that the divergent 

residues could possibly play a role in dimerization. This is reasonable because in the EM model, 

the divergent patches are facing each other. In this experiment, it is also important to note that N-

strep Crm1 was still human, meaning the dimers being made and observed were 

humanCrm1/mouseCrm1 dimers. It is possible that a N-strep mouseCrm1 and N-flag 

mouseCrm1 dimer would not form under these conditions. If the divergent human/mouse patch 

plays a role in dimerization of Crm1, this could help explain the poor ability of mouseCrm1 to 

export the HIV-1 nuclear export complex.  

The evidence for a native Crm1 dimer shown here strongly supports the model of a 

Rev/RRE complex hijacking a dimer of Crm1 for export of the HIV-1 nuclear export complex. 

The implications of this model are significant for our understanding of the role of Rev in the 

HIV-1 life cycle. If the Rev/RRE complex recruits a dimer of Crm1, instead of a monomer, this 

could explain how Crm1 and Rev transport a large unspliced viral RNA out of the nucleus. For 

example, in the case of exportin-t and its cargo, tRNAs, exportin-t wraps around the cargo RNA 

to facilitate proper recognition and export (Figure 16).  
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Figure 16. A space filling diagram of Exportin-t bound to RanGTP and a tRNA cargo. From 
Cook, A., et al. 2009. 

 

 A similar mechanism could work for RRE containing viral RNAs with the Crm1 dimer 

serving to protect the RNA both from splicing factors and being retained in the nucleus. 

 The EM structure of the nuclear export complex shows a much more intimate interaction 

between the Crm1 molecules, Rev, and the RNA than previously imagined. Compared to the 

previous “jellyfish” model of the primary interaction between Crm1 and the Rev/RRE particle 

consisting only of the identification of the Rev NES by Crm1, the new model shows a much 

tighter interaction between all components of the complex. The evidence of a native Crm1 dimer 

further supports this model, and even suggests that this mode of transport, where RNA cargo is 

highly wrapped, might be used by other Crm1 RNA cargos as well.  
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VII. Future Directions 
 There are several implications of this research. The most obvious future work to be done 

is continuing validation of the presence of a native Crm1 dimer in vivo. However, this research 

could be taken in several other directions.  

 First, identifying the domains of Crm1 that are essential for dimerization would provide 

important information for other experiments, as well as provide more structural information 

about Crm1. Some preliminary experiments performed by the Frankel lab indicate that Crm1 can 

probably bind the Rev/RRE particle as a monomer. One hypothesis is that Crm1 can bind, and 

possibly even export the Rev/RRE particle, but that export is highly stimulated (up to wild type 

levels) by a Crm1 dimer. If the essential dimerization domains of Crm1 are discovered, they 

could then be mutated in an in vivo system to assess this hypothesis.   

 If the dimerization of Crm1 turns out to be a significant interaction for the export of the 

HIV-1 nuclear export complex, the Crm1 dimer could prove a potential drug target. However, 

this would be dependent on the successful investigation of whether the loss of the Crm1 dimer 

has any effects on native nuclear export.  
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