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:;8*]X5*7@:@4**#<C:>9:<>6C*<6*, *@67*-*:>9C<>6*@6HG8C*=@6*M89:B91*]X5*=;8E<=@G*C;<?:C*?9>E*:;8<9*

98HBG@9*L@GB8C4**&C*=>EM@987*:>*:;8*=>6:9>G*C:9B=:B98J*:;8*.c*! *@C*K8GG*@C*.d*@67*$F`*" !(.+!

/01/+.!2/03/!3(4!5+!(66730(8+9!208/!8/+!]X5*=;8E<=@G*C;<?:*M89:B91@:<>6C*?>9*$F`N5N.c4**';8*

8??8=:*>?*:;<C*@==>EE>7@:<>6*<C*@*fC;<?:g*<6*:;8*1@=A1>68*@9>B67*$F`*@67*@6*B6789N:K<C:<6H*>?*

:;8*;8G<P*a]W#*@C*=>EM@987*:>*FN:2M8*]c#b4***a/<HB98*VǸ*Fb*
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Parameter UB structure Control structure Force Constant(k) a

Distance Restraints
Non-exchangeable (RANDMARDI) distance restraints 210 146

intra residue 139 78 20 or 30 b

inter residue (sequential) 71 68 30

Average well width (•) 0.69 0.79

Qualitative exchangeable distance restraints 34 0 30
Qualitative A1 anti glycosidic angle restraints 2 2 30

Watson-Crick Base Pair Restraints
Watson-Crick distatnce restraints 21 23 25
Watson-Crick flat angle restraints 21 23 10

Backbone Torsion Angle Restraints
Broad angle DNA restraints ( ! , " , #, $) 61 66 50
% (CTNOESY) torsion angle restraints 16 16 50

Endocyclic torsion angle restraints 75 90 50

Total Restraints 440 366
Average Restraints / Residue 24.4 20.3

RDC Restraints 47 42 1.0 (dwt)

Total Restraints with RDC 487 408
Average Restraints / Residue 27.1 22.7

NOESY only structure CORMA R x
Tm  (ms) intra inter total Tm  (ms) intra inter total

75 ms 5.14 6.72 5.75 75 ms 4.53 5.82 5.13
150 ms 4.88 5.58 5.09 150 ms 4.34 5.59 4.86
250 ms 4.14 5.3 4.56 250 ms 3.87 4.39 4.11

NOESY + RDC structure CORMA R x
Tm  (ms) intra inter total Tm  (ms) intra inter total

75 ms 5.57 6.64 5.97 75 ms 4.52 5.55 5.00
150 ms 5.19 5.82 5.37 150 ms 4.32 5.07 4.64
250 ms 4.49 5.18 4.74 250 ms 3.66 4.32 3.97

Average Heavy Atom R.M.S.D. (•)
Final Bundle of Structures (NOESY only) 0.37 0.40
Final Bundle of Structures (NOESY + RDC) 0.37 0.40

Final AMBER Penalties(NOESY only)
AMBER distance penalty (kcal/mol) 37.5 15.5
AMBER angle penalty (kcal/mol) 0.1 0.3
AMBER Torsion angle penalty (kcal/mol) 4.0 11.2

Final AMBER Penalties(NOESY + RDC)
AMBER distance penalty (kcal/mol) 45.9 17.0
AMBER angle penalty (kcal/mol) 0.2 0.1
AMBER Torsion angle penalty (kcal/mol) 4.8 12.4
Total RDC alignment constraint (kcal/mol) 5.6 3.8

a  (kcal/mol * unit of violation)
b  20 kcal/mol for intraresidue sugar restraints, 30 kcal / mol for all others
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The interaction between Rev and RREIIB has been
characterized by biochemical, mutational and struc-
tural methods.15Ð17 NMR structural studies have
utilized an RREIIB analog RREIIBTR and the
Rev peptide, a 17 amino acid arginine-rich motif
(Rev34Ð50), to demonstrate that binding occurs in
the major groove of the RNA. 18 Rev peptideÐ
RREIIBTR interaction induces the formation of two
new purine-purine base pairs (G-G and G-A).19

These base pairs are formed in the bulge in the
stemÐloop IIB and are critical to Rev binding.

An extensive list of strategies for inhibiting the
pathogenesis of the virus has been documented.20 To
interfere with the essential RREÐRev interaction,
these approaches use RNA-based strategies such as
anti-sense RNA, RNA decoys, RNA aptamers,
ribozymal siRNA, protein-based strategies that
involve transdominant negative proteins, chimeric
nucleases, intracellular antibodies, peptides,21,22and
small organic compounds.23,24 Earlier, we demon-
strated that C2H2 zinc finger proteins (znfs) ZNF29
and ZNF29G29R designed by phage display25 bind
the same RNA bulge that Rev utilizes with nanomo-
lar affinity. 26 The major groove is narrow in a regular

RNA helix, while the RREIIB major groove is opened
at the bulge containing the purine-purine mis-
matches. This facilitates access of! -helical recogni-
tion elements of Rev as well as znfs. Our current
studies focus on understanding the energetics of the
underlying molecular processes that facilitate RNAÐ
znf recognition. We have studied the energetic
perturbations to the znf ÐRNA system resulting
from mutations on ZNF29 and the RNA target
RREIIBTR by isothermal titration calorimetry (ITC).
Effects of salt, pH, and temperature on the binding
and the role of solvent were investigated. Our
findings suggest strategies for enhancing the bind-
ing affinity of zinc finger proteins to the target
RNA.

Results and Discussion

Design of zinc finger and RNA mutants

The sequence of the zinc finger has been
optimized by phage display, which produced a

Fig. 1. ZNF29 and RREIIBTR mutations. (a) ZNF2926 NMR solution structure with the position of the mutations
displayed (side chains). The tip of znf is the turn connecting the " -sheet to the! -helix. (b) RREIIBTR sequence with the
numbering as described elsewhere.19 (! ) RNA mutants with 2-aminopurine substitutions; ( " ) mutation from cytosine to
uracil. All mutations are single changes except G48ÐG71 where both guanosines are replaced by 2-aminopurine. The
names of the RNA mutants are based on the position and the type of mutation. The mutations involving 2-aminopurine
substitution are: RREIIBTRG50_2ap, RREIIBTRG70_2ap, RREIIBTRG48G71_2ap, and RREIIBTRG47_2ap. The mutations
involving replacement of cytosine by uracil are: RREIIBTRC49U and RREIIBTRC69U.
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GB                    0
LB                 0.00 Hz
SSB                   4
WDW                SINE
SF           60.8106305 MHz
MC2         States ! TPPI
SI                 4096
F1 !  Processing parameters

PC                 1.00
GB                    0
LB                 0.00 Hz
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Free RREIIBTR 

 The assignments of the imino resonances in the free RNA were obtained 

from previously published data (2) (Figure 3.2). All imino spectra henceforth had 

the same experimental parameters as stated in the legend of Figure 3.2, unless 

mentioned otherwise. 
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Figure 3.2 Imino NMR of free 
RREIIBTR. 
A. Free RREIIBTR published 
assignments (2) B. Sequence of 
RREIIBTR (2) with regions 
highlighted: upper stem    , middle 
stem    , bulge    , lower stem    .    
C. Complete assignment of all 
RREIIBTR imino resonances. G41 
and G55 were assigned from Figure 
3.4. RNA sample conditions:  
10 mM NaP buffer, pH 7.0, 100 mM 
NaCl, 200 µM ! me, 298 K. NMR 
spectra was collected using 1-1 jump 
and return pulse sequence (11).  
D. NOESY imino region of the free 
RREIIBTR with 150 ms mixing time 
and 1.5 s relaxation delay. The 
spectrum was collected using the 
NOESY version of the 1-1 jump and 
return pulse sequence. NOESY cross-
peaks confirm assignments displayed 
in part C.  
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RREIIBTR (14N) Ð ZNF29G29R (15N labeled) complex. The 15N coupled and 

decoupled imino spectra are expected to show no differences if all peaks belong 

to the RNA. However, we observe splittings of ~ 80- 90 Hz in the 15N coupled 

spectrum (Figure 3.7, II, A) at 13.3 and 12.26 ppm. This proves that these 

resonances originate from the protein. Subsequently, we identified these 

resonances to be His 23 !  2H and His 27 !  2H when we inspected the 10 -14 

ppm region of a 1D 1H spectrum of the free ZNF in water (Figure 3.7, III). Thus 

our complex has 3 visibly distinct new RNA imino peaks if we disregard the 

possibility of any new peak under the G41 peak and in the 12 -12.4 ppm region 

(Figure 3.7, II, B). The identity of these new RNA imino peaks has been 

complicated by the paucity of NOESY data to known resonances.  

 

 

Figure 3.6 Comparison of RREIIBTR imino complex spectra with Rev and ZNF29G29R. 
A. Published imino spectra of RREIIBTR-Rev peptide complex (2). B. Imino spectra of 
RREIIBTR-ZNF29G29R complex. Blue rhombuses indicate changes in chemical shift while 
red rhombuses indicate new imino peaks. 
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Free RREIIBTR 

 The assignments of the imino resonances in the free RNA were obtained 

from previously published data (2) (Figure 3.2). All imino spectra henceforth had 

the same experimental parameters as stated in the legend of Figure 3.2, unless 

mentioned otherwise. 
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Figure 3.2 Imino NMR of free 
RREIIBTR. 
A. Free RREIIBTR published 
assignments (2) B. Sequence of 
RREIIBTR (2) with regions 
highlighted: upper stem    , middle 
stem    , bulge    , lower stem    .    
C. Complete assignment of all 
RREIIBTR imino resonances. G41 
and G55 were assigned from Figure 
3.4. RNA sample conditions:  
10 mM NaP buffer, pH 7.0, 100 mM 
NaCl, 200 µM ! me, 298 K. NMR 
spectra was collected using 1-1 jump 
and return pulse sequence (11).  
D. NOESY imino region of the free 
RREIIBTR with 150 ms mixing time 
and 1.5 s relaxation delay. The 
spectrum was collected using the 
NOESY version of the 1-1 jump and 
return pulse sequence. NOESY cross-
peaks confirm assignments displayed 
in part C.  
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Free RREIIBTR 

 The assignments of the imino resonances in the free RNA were obtained 

from previously published data (2) (Figure 3.2). All imino spectra henceforth had 

the same experimental parameters as stated in the legend of Figure 3.2, unless 

mentioned otherwise. 
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Figure 3.2 Imino NMR of free 
RREIIBTR. 
A. Free RREIIBTR published 
assignments (2) B. Sequence of 
RREIIBTR (2) with regions 
highlighted: upper stem    , middle 
stem    , bulge    , lower stem    .    
C. Complete assignment of all 
RREIIBTR imino resonances. G41 
and G55 were assigned from Figure 
3.4. RNA sample conditions:  
10 mM NaP buffer, pH 7.0, 100 mM 
NaCl, 200 µM ! me, 298 K. NMR 
spectra was collected using 1-1 jump 
and return pulse sequence (11).  
D. NOESY imino region of the free 
RREIIBTR with 150 ms mixing time 
and 1.5 s relaxation delay. The 
spectrum was collected using the 
NOESY version of the 1-1 jump and 
return pulse sequence. NOESY cross-
peaks confirm assignments displayed 
in part C.  

10.511.011.512.012.513.013.514.0 ppm

RREIIBTr !  ZF29R, 1:1 (excess), 298K

Free RREIIBTr, 298K

!""#

$%&#

!%'#
$%(#

$')# $"%#

$*"#
$%"#

!%)#
$"*#

$**#

$''#

!%'#

$%&#

$**#

$''#

!""#

$+,#
$%(#

-.#

$')#

!%)#

$*"##
/#0#$1#$"%# $"*#023#$%"#

-.# $#

 

  

37 

RREIIBTR (14N) Ð ZNF29G29R (15N labeled) complex. The 15N coupled and 

decoupled imino spectra are expected to show no differences if all peaks belong 

to the RNA. However, we observe splittings of ~ 80- 90 Hz in the 15N coupled 

spectrum (Figure 3.7, II, A) at 13.3 and 12.26 ppm. This proves that these 

resonances originate from the protein. Subsequently, we identified these 

resonances to be His 23 !  2H and His 27 !  2H when we inspected the 10 -14 

ppm region of a 1D 1H spectrum of the free ZNF in water (Figure 3.7, III). Thus 

our complex has 3 visibly distinct new RNA imino peaks if we disregard the 

possibility of any new peak under the G41 peak and in the 12 -12.4 ppm region 

(Figure 3.7, II, B). The identity of these new RNA imino peaks has been 

complicated by the paucity of NOESY data to known resonances.  

 

 

Figure 3.6 Comparison of RREIIBTR imino complex spectra with Rev and ZNF29G29R. 
A. Published imino spectra of RREIIBTR-Rev peptide complex (2). B. Imino spectra of 
RREIIBTR-ZNF29G29R complex. Blue rhombuses indicate changes in chemical shift while 
red rhombuses indicate new imino peaks. 
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Free RREIIBTR 

 The assignments of the imino resonances in the free RNA were obtained 

from previously published data (2) (Figure 3.2). All imino spectra henceforth had 

the same experimental parameters as stated in the legend of Figure 3.2, unless 

mentioned otherwise. 
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Figure 3.2 Imino NMR of free 
RREIIBTR. 
A. Free RREIIBTR published 
assignments (2) B. Sequence of 
RREIIBTR (2) with regions 
highlighted: upper stem    , middle 
stem    , bulge    , lower stem    .    
C. Complete assignment of all 
RREIIBTR imino resonances. G41 
and G55 were assigned from Figure 
3.4. RNA sample conditions:  
10 mM NaP buffer, pH 7.0, 100 mM 
NaCl, 200 µM ! me, 298 K. NMR 
spectra was collected using 1-1 jump 
and return pulse sequence (11).  
D. NOESY imino region of the free 
RREIIBTR with 150 ms mixing time 
and 1.5 s relaxation delay. The 
spectrum was collected using the 
NOESY version of the 1-1 jump and 
return pulse sequence. NOESY cross-
peaks confirm assignments displayed 
in part C.  
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RREIIBTR (14N) Ð ZNF29G29R (15N labeled) complex. The 15N coupled and 

decoupled imino spectra are expected to show no differences if all peaks belong 

to the RNA. However, we observe splittings of ~ 80- 90 Hz in the 15N coupled 

spectrum (Figure 3.7, II, A) at 13.3 and 12.26 ppm. This proves that these 

resonances originate from the protein. Subsequently, we identified these 

resonances to be His 23 !  2H and His 27 !  2H when we inspected the 10 -14 

ppm region of a 1D 1H spectrum of the free ZNF in water (Figure 3.7, III). Thus 

our complex has 3 visibly distinct new RNA imino peaks if we disregard the 

possibility of any new peak under the G41 peak and in the 12 -12.4 ppm region 

(Figure 3.7, II, B). The identity of these new RNA imino peaks has been 

complicated by the paucity of NOESY data to known resonances.  

 

 

Figure 3.6 Comparison of RREIIBTR imino complex spectra with Rev and ZNF29G29R. 
A. Published imino spectra of RREIIBTR-Rev peptide complex (2). B. Imino spectra of 
RREIIBTR-ZNF29G29R complex. Blue rhombuses indicate changes in chemical shift while 
red rhombuses indicate new imino peaks. 
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3.12B). Also, U66 and U45 imino resonances are shifted downfield in this 

complex indicative of ZNF binding. However, we see only one (12.65 ppm) out of 

the 2 peaks in this complex as compared to RREIIBTR-ZNF29G29R (Figure 

3.12C). A previous experiment (Figure 3.8) has alluded the peak at 12.65 to be 

G50. A plausible explanation in context with previous results could be that the 

U72 stacks in the bulge on ZNF binding, but in the RREIIBTR_U72_3MU Ð 

ZNF29G29R complex, the bulky methyl substitution disrupts G70 Ð C49 base 

pairing. This would of course be reasonable only if our original assumption, that 

the 12.60 peak belongs to G70, is true.  

 

 

 

 

Figure 3.12 RREIIBTR_U72_3MU. 
A. Free RREIIBTR_U72_3MU. 
Assignments for the free RNA have 
been made on the basis of similar 
chemical shifts for free RREIIBTR. 
B. RREIIBTR_U72_3MU Ð ZNF29 
G29R 1:1 complex imino  spectrum  
with chemical shift changes marked 
in blue. 
C. RREIIBTRÐ ZNF29G29R imino  
spectrum with chemical shift 
changes in blue and new imino 
peaks in red.  
D. RNA sequence of RREIIBTR with 
the base modification highlighted. 
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        u  
  a  a       a    g   a  
c      gcu g   c g      caggcc  
     g     cgac   gc      gu cu gg  
         g   g                        
  
 

              5 Õ  ggu  cu g  ggc  g ca  gcg  caa  gcu  g ac  ggu  aca  ggc  c  3 Õ 
              cca  gac   ccg  cgu  cgc  gu u  cga  cu g  cca  u gu  ccg  g   

               
 
1 .  CH RI SÕS T EM PLA T E +  GG-3 Õ 
 
 
 GAATTCCGTATAATACGACTCACTATAGG- 3Õ 
 CTTAAGGCATATTATGCTGAGTGATATCCAGACCCGCGTCGCGTTCGACTGCCATGTCCGG- 5Õ 
 
 
               
5Õ GGC CTG TAC CGT CAG CTT GCG CTG CGC CCA GAC CTA TAG TGA GTC GTA TTA TAC GGA ATT CTT TGA ATT CCG TAT AAT 
ACG ACT CAC TAT AGG  3Õ 
 
 
 

2 .  FI LLED  I N  H A I RPI N   
 
 
GAATTCCGTATAATACGACTCACTATAGGTCTGGGCGCAGCGCAAGCTGACGGTACAGGCC- 3Õ 
CTTAAGGCATATTATGCTGAGTGATATCCAGACCCGCGTCGCGTTCGACTGCCATGTCCGG- 5Õ 

 
 
 

GGC CTG TAC CGT CAG CTT GCG CTG CGC CCA GAC CTA TAG TGA GTC GTA TTA TAC GGA ATT CTT TGA ATT CCG TAT AAT ACG 

ACT CAC TAT AGG TCT GGG CGC AGC GCA AGC TGA CGG TAC AGG CC 3Õ  
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