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Compound database preparation
Enamine’s stock was processed according to drug-like 
rules  with two exceptions
- 280 < MW < 550
- Rotatable bonds < 10
Over 300 000 compounds selected
Target molecule analysis
- Tat binds to the PP1’s hydrophobic groove normally 
occupied by an RVxF containing PP1 regulatory subunit 
such as NIPP1-derived KNSRVTFSED peptide. The Kd 
difference in the binding of Tat and KNSRVTFSED
peptide are at three orders of magnitude. Therefore 
inhibitor should fit into this Kd window
- Due to absence of actual binding pocket no use of 
scoring function
-Focusing on hydrophobic interactions of Phe and Val 
side chains of known peptides
-Docking studies were performed in QXP program

ABSTRACT

Background:
- Our recent studies indicate that CDK2 and protein 

phosphatase-1 (PP1) regulate HIV-1 transcription 
- Inhibition of CDK2 prevents association of CDK9 

with cyclin T1 
- HIV-1 Tat binds to PP1 through the Tat’s Q35VCF38 

sequence and translocates it to the nucleus. 
- Disruption of Tat -PP1 interaction inhibits HIV-1 

transcription
- RVxF-accommodating cleft of PP1 was selected as 

targeted binding site
- We analyzed the molecular mechanisms of 

regulation of HIV-1 transcription by PP1 and CDK2
- Developed as a proof-of-principle small molecular 

inhibitors of PP1
Methods: 
- Phosphorylation and dephosphorylation of CDK9 

by CDK2 and PP1 was analyzed 
- PP1 inhibitory peptide was expressed in place of 

nef and HIV-1 replication was analyzed 
- Virtual screening of PP1 inhibitors was performed 

against PP1 crystal structure using QXP docking 
program and library of Enamine compounds

- A library of 262 compounds was assayed for the 
inhibition of HIV-1 transcription and viral replication

Results: 
- CDK2 directly phosphorylates CDK9 in vitro and 

PP1 dephosphorylates the CDK2-phosphorylated 
CDK9

- Inhibition of PP1 reduces CDK9 activity and 
increases its association with 7SK RNA

- Expression of PP1 inhibitor as part of HIV-1 
genome inhibited HIV-1 replication 

- Screen of targeted small molecule inhibitors of PP1 
resulted in identification of 1H4 compound that 
inhibited HIV-1 transcription and replication 

Conclusions: 
- Dephosphorylation of CDK9 by PP1 allows 

dissociation of inhibitory 7SK RNA and HEXIM1 
protein; then phosphorylation by CDK2 might help 
CDK9 to associate with cyclin T1 and regain the 
kinase activity 

- Developed, as a proof of concept, a small molecule 
inhibitor of PP1 that inhibit HIV-1 transcription and 
replication

• We have shown that HIV-1 transcription is inhibited 
when interaction of HIV-1 Tat with PP1 is disrupted 
by a small molecule compound 

• Discovered and validated compound 1H4 to be 
inhibitory for HIV-1 

Our recent studies showed that host cell protein 
phosphatase-1 (PP1) is required for HIV-1 
transcription (1). Inhibition of PP1 in cultured cells 
inhibited Tat-induced HIV-1 transcription and viral 
replication. Tat targets PP1 to the nucleus through the 
binding of HIV-1 Tat's Q35VCF38 sequence to the 
RVxF-accommodating cleft of PP1. We also recently 
showed that CDK2 phosphorylates Tat during viral 
replication (2) and that inhibition of CDK2 activity by 
iron chelators inhibited CDK9 activity and HIV-1 
transcription (3). Here we show that CDK2 and PP1 
phosphorylate and dephosphorylate CDK9 and 
designed small molecular inhibitors to disrupt the 
interaction of Tat with PP1 and to inhibit HIV-1 
transcription.

Fig. 6. Inhibition of HIV-1 transcription by small molecular 
mimetics of QVCF peptide. We further validated the identified 
compounds by analyzing them side-by side for the  inhibition of 
HIV-1 transcription in CEM-T cells and 293T cells. The only 
compounds that significantly inhibited HIV-1 transcription in 
transiently transfected 293T cells was 1H4. Panel A, an inhibition of 
HIV-1 transcription in CEM-T cells and measurements of 
cytotoxicity by the compounds 1H4, 3C8, 1G3 and 1C7. The 
compounds 1H4 and 3C8 were not toxic and inhibited HIV-1 
transcription. In contrast, 1C7 compound potently inhibited HIV-1 
transcription but also demonstrated a high cytotoxicity. The 1G3
compounds was neither inhibitory nor toxic. Panel B, the effect of 
compounds 1H4, 3C8, and 1G3 on HIV-1 transcription in 293T cells 
transfected with Tat-expressing vector, HIV-1 LTR-LacZ reporter 
and CMV-EGFP reporter. 
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Fig. 8. Model of interaction of 1H4 and PP1. Inhibitor 
occupies hydrophobic sites but positions differently 
from RVxF peptides. 

Fig. 5. Screening of a targeted library. A targeted library of small 
molecular weight compounds (MW=500 Da) was generated from a 
virtual screen of Enamine's stock collection as described above.
The compounds were diluted to 5 mM concentration in DMSO and 
added to CEM-GFP T-cells containing integrated HIV-1 LTR-GFP 
reporter that were infected with adenovirus expressing Tat, Ad-Tat. 
The initial screen was performed at 25 µM concentration of 
compounds in 96-well plates. HIV-1 transcription was measured as 
gain of GFP fluorescence. The inhibition is shown in the Figure as 
percent of untreated control. Toxicity was analyzed by trypan blue 
exclusion assay. After the initial screening, we identified about 60 
compounds that at 25 µM concentration inhibited HIV-1 
transcription at least by 75%. Based on this first screen, we chose 
60 compounds for the second screen. In the second screen we 
determined IC50s and also determined cytotoxicity by the uptake of 
propidium iodide. The following Table shows the compounds that 
were inhibitory. 

Fig.1. Model of PP1 -mediated regulation of HIV-1 
transcription. Dynamic association of Tat’s Q35VCF38 

sequence with PP1’s RVxF-accommodating cleft 
helps Tat to bind PP1 and translocates it to the 
nucleus. Nuclear PP1 dephosphorylates CDK9 on 
Thr186 and allows dissociates from 7SK RNA and 
HEXIM1 protein. Then CDK9 undergoes 
phosphorylation by CDK2 to regain the  enzymatic 
activity. Tat recruits reactivated CDK9/cyclin T1 to 
HIV-1 TAR RNA where CDK9 phosphorylates RNA 
polymerase II C-terminal domain (CTD) and induces 
HIV-1 transcription.
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Fig. 7. Inhibition of HIV-1 replication by 1H4 compound. MT4 
cells were infected with recombinant pNL4-3 HIV-1 and treated with 
different concentrations of 1H4 compound. The cells were also 
treated with 1G3 compound as a control. The 1H4 compound 
inhibited HIV-1 replication at 10 µM or 25 µM concentrations. The 
1G3 compound did not inhibit HIV-1 replication but in contrast 
induced HIV-1 replication by about 2-fold. Thus, HIV-1 replication is 
inhibited by the 1H4 compound. 
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Fig. 3. Superposition of (KR)VxF peptides from Gm 
and MYPT1 bound to PP1. Gm’s peptide (RVSF) is in 
red and MYPT1’s peptide (KVKF) in green. Val and 
Phe sidechains occupies similar positions.

Fig. 1. CDK2 and PP1 phosphorylate and 
dephosphorylate CDK9. A. PP1 dephosphorylates 
CDK9. CDK9 was phosphorylated in 293T cells pulsed 
with (32P) orthophosphate in the presence of okadaic 
acid (8).  CDK9 was immunoprecipitated from cellular 
lysates and subjected to dephosphorylation with PP1, 
PP2A or cdc25A. B. Autophosphorylated CDK9 is 
dephosphorylated by PP2A but not PP1. CDK9 was 
immunoprecipitated from 293T cells, supplemented 
with (32P)ATP and allowed to  autophosphorylate itself. 
The kinase reaction was blocked by the addition of 
EDTA and CDK9 was subjected to dephosphorylation 
by PP1 or PP2A. C. CDK2 phosphorylates CDK9. 
Recombinant CDK9/cyclin T1 was incubated in the 
presence of (32P)ATP without (lane 1) or with 
recombinant CDK2/cyclin E (lane 2). D. PP1 
dephosphorylates CDK9 that was phosphorylated by 
CDK2. Recombinant CDK9/cyclin T1 was 
phosphorylated by recombinant CDK2/cyclin E with 
(32P)ATP (lane 1) and treated with PP1 (lane 2) or with 
PP1 mixed with phosphatase inhibitor microcystin 
(lane3). Each panel is an autoradiogram. 

Fig. 2. A, CDK9 phosphorylation is impaired in the cells 
expressing cdNIPP1. CDK9 was immunoprecipitated from 293T 
cells or 293T cells expressing cdNIPP1 and subjected to CTD 
phosphorylation. B: Expression of cdNIPP1 increases CDK9 
association with 7SK RNA, which can be removed by 
treatment with PP1. RT-PCR of 7SK associated with CDK9 
precipitated from 293T (lanes 3-5) or 293T-cdNIPP1 cells (lanes 7-
9). Treatment with PP1 removes CDK9-associated 7SK RNA (lane 
9).  As 7SK RNA association requires T186 phosphorylation – PP1 
might dephosphorylate T186 and regulate binding of 7SK RNA.

Fig. 4. Inhibition of PP1 prevents HIV-1 replication. Central 
domain of NIPP1, wt and mutant were cloned in place of Nef in 
pNL4-3 vector. Recombinant HIV-1 viruses were collected from 
supernatant of HeLa cells transfected with corresponding pNL4-3 
vectors. Equal amount of viruses (as measured by RT) were used 
to infect cultured T cells. Viral RT was analyzed in the supernatants 
at the indicated time points. Expression of WT cdNIPP1 practically 
blocked HIV-1 replication whereas expression of cdNIPP1 shifted 
viral replication. This experiment shows that inhibition of PP1 
prevents HIV-1 replication. 

Plate 1
1 2 3 4 5 6 7 8 9 10 11 12

A 91.95387 7.720667 1.3592 0.134133 77.52813 26.89987 64.65747 31.5144 80.2548 29.9656 23.10147 96.13373
B 46.01467 24.4124 42.29627 41.57587 68.9992 73.89627 99.12027 53.05693 34.24573 25.44 72.54587 17.19147
C 95.09507 54.3496 54.5036 58.6836 56.3552 52.2384 98.06587 40.81747 60.73467 32.02693 52.78653 64.258
D 56.82107 81.77853 56.51 55.59907 54.3556 70.91613 46.06933 48.57707 39.15 14.23253 54.68307 93.08107
E 45.5936 40.35653 29.74347 59.60627 53.75973 48.93453 74.1808 41.1448 38.7112 64.10253 34.6668 20.8548
F 42.16347 51.86613 49.45333 55.68253 52.3256 50.90147 60.41507 63.05587 45.62307 36.25653 93.51107 97.83947
G 32.78067 44.9948 79.07013 50.32453 45.6468 41.35587 45.54133 -0.2288 45.89013 93.73787 32.13733 77.778
H 52.65307 85.81533 51.36387 95.66027 32.76867 72.28147 93.89267 35.6816 56.1868 69.25987 51.8984 21.36

Plate 2
1 2 3 4 5 6 7 8 9 10 11 12

A 60.11507 2.404267 -1.0724 59.20053 47.53867 78.60667 12.63613 59.13907 28.0064 25.96267 5.0612 7.079867
B 31.06387 67.4932 33.6908 66.48573 83.68293 69.06653 94.95813 83.60973 80.89653 65.1956 59.75827 34.15853
C 63.12627 101.8824 91.95053 98.98453 90.67387 102.7363 86.04733 69.29173 76.53133 80.28533 55.48773 81.80693
D 65.46693 79.71147 82.00933 94.3008 82.30093 68.1264 68.76467 95.95347 64.2552 61.32907 59.71093 80.90867
E 61.05213 83.31187 76.2448 77.13 69.20867 69.22373 76.39373 71.50133 95.44653 69.19453 54.94107 56.87267
F 65.47747 73.89253 90.9464 69.0172 76.8676 71.1856 82.65627 65.80973 71.1 79.98773 61.33307 42.3944
G 90.66987 64.40187 104.2757 92.4972 69.92307 94.6164 73.61027 72.7168 77.87987 100.0081 73.57053 63.05387
H 68.896 75.71067 75.67107 69.27827 101.9579 54.68067 68.65547 73.45453 82.93547 64.71 53.97547 54.67

Plate 3
1 2 3 4 5 6 7 8 9 10 11 12

A 24.34373 82.6368 80.00613 82.968 42.15707 91.1892 38.46427 93.52787 77.4772
B 23.39973 57.2124 55.91747 52.74227 62.83 44.67813 69.96733 74.03707 92.47973
C 84.4404 96.38373 51.19947 77.82467 75.0392 41.69413 61.06493 93.71573 63.6844
D 59.27213 62.37587 52.88387 74.62813 48.38973 40.2984 87.22333 57.28693 54.30067
E 96.64933 76.2444 74.2368 57.1676 51.46613 48.06533 70.71627 41.61493 51.43667
F 75.71667 52.49587 75.74773 66.0364 62.2 61.62747 55.96667 95.08187 47.65373
G 97.65773 79.446 51.0044 51.80693 58.7056 45.66853 45.44 46.76013
H 47.4696 43.64293 42.72867 71.9068 79.10267 70.6428 89.4672 89.8432

Plate id well IC50 in CEM-GFP cells IC50 in 293T Toxicity (PI)
Plate 01 G03 ~ 7 uM > 40 uM  -
Plate 01 H04 ~ 10 uM ~ 5 uM  -
Plate 01 B07 ~ 25 uM  -
Plate 01 C07 ~ 10 uM > 10 uM  +
Plate 01 G10 ~ 20 uM  -
Plate 01 D12 ~ 20 uM  -
Plate 02 D02 ~ 25 uM  -
Plate 02 C03 ~ 25 uM > 10 uM  +
Plate 02 D03 < 10 uM, but only 50%  +
Plate 02 G03 ~ 17 uM  +
Plate 02 C04 > 10 uM  -
Plate 02 C05 > 10 uM > 10 uM  -
Plate 02 B07 ~ 6 uM  -
Plate 02 E09 ~ 25 uM > 10 uM  -
Plate 02 G10 ~ 25 uM  -
Plate 02 D12 ~ 6 uM  -
Plate 03 E01 ~ 25 uM  -
Plate 03 G01 ~ 25 uM  +
Plate 03 C02 > 10 uM  -
Plate 03 F03 > 10 uM  -
Plate 03 A06 > 10 uM > 10 uM  -
Plate 03 A08 > 10 uM > 10 uM  -
Plate 03 C08 > 10 uM > 10 uM  +


