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Salt effects on the complex

The complex showed stability up to 500 mM NacCl (data not shown) as it
maintained the elements of the imino spectrum that indicate binding. The
complex stability in the NaCl concentration range (50 - 200 mM) is displayed

below in Figure 3.19.

Figure 3.19 Effect of salt on the
complex.

Imino spectra overlay of a 100 uM
RREIIBTR - ZNF29G29R 1:1 complex with
increasing salt conditions. Respective salt
concentrations were achieved by adding
NaCl from a 1 M stock solution. pH was
adjusted and maintained at ~ 7.0. Blue
highlighted box follows U66 and U45 while
the mauve highlighted boxes follow the
new imino peaks indicative of ZNF bound
RREIIBTR.

Binding orientation

The '™ motif of the ZNF, in its entirety, can be represented by a cylinder,
where the N-terminus and the tip of the zinc finger denote one end of the cylinder
and the C-terminus denotes the other. The binding of this @ylinderOto the RNA
bulge can have 2 orientations (Figure 3.20). The zinc coordination in our ZNF is
located closer to the C-terminus of this @ylinderO This is to our advantage as we
have replaced the zinc by a paramagnetic metal viz. Co* (which has a
coordination geometry similar to Zn?*) and monitored the @obalt loadedOZNF -

RREIIBTR binding by imino NMR.
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Figure 3.20 Plausible ZNF binding
orientations.

ZNF29G29R (pdb id 2AB7) was
fitted manually to RREIIBTR bulge in
iMol (14). The RREIIBTR used in this
model is the bound form (RREIIBTR-
Rev peptide, pdb id 1g70) (15). The
free RNA structure of RREIIBTR has
not been submitted to the PDB
database. The bound Rev peptide
was replaced with ZNF29G29R
using iMol. The manual fitting was
done visually and any overlap of the
2 biomolecular backbones was
prevented.

A @obalt loadedOZNF was achieved in the following manner. A 250 uM
solution of synthetic unfolded ZNF28 (Genscript Corp.) was made in buffer: 10
mM NaP, 100 mM NaCl, 250 pM ! me, pH 6.8. The folding of the ZNF28 by Co*
was observed by UV peaks at 640 nm and 580 nm. The final concentration of the
cobalt folded protein was calculated by the extinction coefficients at 640 and 580
nm which are 820 M* cm™ and 300 M cm™ respectively. The pH was
maintained at 6.8 + 0.1 throughout the titration. Final concentration of Co** added
to the unfolded protein was 400 uM (Figure 3.21). The peaks at 640 nm and 580
nm are due to the intense d-d absorption bands exhibited by optical transitions of
a tetrahedral Co* species (4). The intense absorption bands at 316 nm and 320
nm are due to S - Co(ll) ligand to metal charge transfer transition (5). The
extinction coefficient of the 320 nm band indicates the number of thiolate groups
coordinated to the metal and averages 900-1200 M™* cm™ per S™ - Co(ll) bond.
The concentration of the Co?* folded ZNF28 was ~ 220 uM. Using this value of

concentration, and an absorbance value of 0.5 (Figure 3.22) for 320 nm band,
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the extinction coefficient of the 320 nm band is calculated to be in the range of
2272 M* cm™, indicating ~ 2 thiolate groups coordinated to the metal. A blank
sample containing an equivalent amount of Co®*, but no protein, did not have any
of the above mentioned peaks, thus establishing that the Co?** was tetrahedrally

coordinated to the cysteines and histidines of the protein.

Abs (640 nm)

Co*" Concentration pM

Figure 3.21 Titration of unfolded ZNF28 with Co?".
UV - visible monitoring of ZNF28 folding by cobalt. A stock solution of 1 M cobalt(ll) chloride
hexahydrate was used for titration. The cobalt stock solution was made in 10 mM NaP, 100 mM

NacCl, pH 6.8.
(Inset) Absorbance at 640 nm plotted against Co” concentration showing saturation at ~ 220 uM.

Excess cobalt from the cobalt folded protein solution was removed by D-
Salt Excellulose™ column as mentioned in Chapter 2. A UV spectrum of the final

protein (Co* folded) stock solution is shown in Figure 3.22.
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Figure 3.22 UV - visible
spectrum (300 - 800 nm) of
Qcobalt loadedOZNF28.

A titration of RREIIBTR with Co-ZNF28 broadened all peaks (Figure 3.23).
This might be due to free cobalt in solution despite our efforts to remove it by
desalting. Addition of only cobalt to free RNA in equimolar quantity produced
similar results in the imino spectra (Figure 3.23E). In order to address this issue,
we used a mixture of cobalt folded and zinc folded protein for RNA titration. This
mixture consisted of 15% of cobalt folded ZNF28 of the total protein
concentration while the rest was zinc folded protein. The above combination
produced more discernable changes (Figure 3.24) that has allowed us to identify
the proximity of certain base pairs to the metal coordination site in the protein.
The 15% Co*" folded ZNF28 titration mainly affected (broadening due to
paramagnetic relaxation effects) (6), the bases in the lower stem of the RNA on
biding: U45, G42, G77. It is not clear whether U43 and G46, also in the lower
stem, are broadened. Interestingly, the peak that we believe is G70 is also
broadened. G70 - C49 is at the top of the RNA bulge (middle stem) and is closer

to the coordinated cobalt on ZNF binding than the G50 b C69 base pair. Based
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on the above data we can infer that the binding orientation is the one proposed in

Figure 3.20 B, which is in agreement with the imino data in Figure 3.16.

Figure 3.23 RREIIBTR BZNF28
(100% cobalt folded).

RNA concentration is 100 uM

A. Free RREIIBTR,

B. 1:1 RREIIBTR : ZNF28 (100%
zinc folded),

C. 1:1 RREIIBTR : ZNF28 (100%
cobalt folded),

D. 1:1 RREIIBTR : Cobalt(ll)
chloride. The pH was adjusted
and maintained at ~ 7.

Figure 3.24 RREIIBTR BZNF28
(15% cobalt folded) titration.
RNA concentration is 100 uM

A Free RREIIBTR

B 1:1 RREIIBTR : ZNF28 (100%
zinc folded)

C 1:0.5 RREIIBTR : ZNF28 (15%
cobalt, 85% zinc folded)

D 1:1 RREIIBTR : ZNF28 (15%
cobalt, 85% zinc folded)

pH was adjusted and maintained at
~7.

The orange boxes highlight the
most affected (paramagnetic
relaxation broadened) peaks on
titration. The G70 resonance is
marked with a * since it is a
tentative assignment.
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Figure 3.25 provides a better perspective by highlighting the cobalt center in the

protein and the bases that show broadening in the imino spectrum (Figure 3.25).

Figure 3.25 RREIIBTR - ZNF29G29R binding model.

(A and B) Different perspectives of the RREIIBTR BZNF29G29R binding model.

This model is based on the data from Figure 3.24. The RNA backbone is in light grey.
The RNA residues affected by paramagnetic relaxation, which have been identified in
Figure 3.24, are marked in red on the RNA backbone. RNA residues that donot show
any effects, and could be identified unambiguously, are marked in lime green on the
RNA backbone. The G70 resonance is marked with a * since it is a tentative
assignment. The coordinated cobalt is displayed as a blue sphere. This graphic was
rendered in iMol (14).

Tertiary structural changes in ZNF on binding RREIIBTR
We have examined the changes in the protein amide backbone on
RREIIBTR binding by N HSQC NMR spectra. The >N HSQC for the complex

(Figure 3.26B) has broader peaks than its free counterpart (Figure 3.26A), as
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expected. This occurs due to increased rotational correlation time of the RNA
bound ZNF, resulting in larger linewidth. An overlay of the free and bound forms

of the ZNF is displayed in Figure 3.27. As can be seen, there are no drastic

Figure 3.26 Protein
amide backbone

A. >N HSQC spectra of
free ZNF29G29R (fully
e\ labeled).Assignme-
nts have been published
previously (13).

B. °N HSQC spectra of
ZNF29G29R (fully °N
labeled) bound to
unlabeled RNA.

Both spectra were
acquired by 2D HSQC
pulse sequence using 3-
9-19 pulse sequence
with gradients (12, 16)

changes in the spectra, but changes that do occur are mostly limited to the " -
helix, which spans residues 17 D 29. The residues in the ! sheet have very
minimal changes if any. The only other residue of interest that has changes in its

chemical shift is N15 which occupies the tip of the zinc finger. Residues 5, 10,
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14, 20, 23, 27 consitute the hydrophobic core of the ZNF. Residues 5, 10, 14 and
20 maintain identical chemical shifts in their free and bound forms while 23 and

27 show minor changes.

Figure 3.27 N HSQC overlay of free and RREIIBTR bound ZNF29G29R.

Boxes (dashed) mark resonances with large chemical shifts. Black filled triangles mark the
residues that constitute the hydrophobic core. Circles (dashed) mark residues with minor
chemical shift changes.

Conclusion

Our ZNF proteins bind RREIIBTR at its bulge region, the same location
that Rev utilizes (2). However the imino spectrum of RREIIBTR - Rev and
RREIIBTR - ZNF29G29R is markedly different indicating a different mode of
binding. We observe the changes in chemical shift of U66 and U45 on ZNF
binding and note that the phosphates of these nucleotides border the entrance to
the major groove of the RNA, at the bulge (Figure 3.29). RREIIBTR b
ZNF29G29R binding was found to be specific and had 1:1 stoichiometry. In

contrast to other peptides (7) that have been designed to bind RREIIBTR, these
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ZNF® bind only when folded in their !'!" motif. The aforementioned designed
peptide is a random coin in solution (7) and adopts a secondary (helical)
structure only after binding RREIIBTR. We have also established that our ZNF®
utilize amino acids constituting the " helix and the tip of the finger in its molecular
interaction with the RNA (Figure 3.28). This is akin to other zinc finger proteins
involved in RNA binding. In fact, the starting scaffold for phage display that
ultimately resulted in the ZNF@® that we are currently studying (8), the 4th zinc
finger of TFIIIA, also uses the same elements of its secondary structure in

binding RNA (9,10).

Figure 3.28 ZNF29G29R residues affected
by RNA binding.

ZNF29G29R tertiary structure (free protein
pdb) displayed with the amino acids displaying
large changes in amide (15N, lH) chemical shift
marked in red, moderate changes in chemical
shift marked in blue and no changes in
chemical shift in grey. The amino acids whose
amide resonances could not be identified in
Figure 3.27 are marked in black. The
coordinated zinc atom is in yellow.This graphic
was rendered in iMol (14).

Figure 3.29 RNA phosphate
backbone.

(left) RREIIBTR RNA (pdb id
1g70) phosphate backbone at

the bulge with residues (U66,
U45) that are at the entrance to
the major groove (wite arrow).

This graphic was rendered in
iMol(14).
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CHAPTER 4 Energetics of RREIIBTR - ZNF binding

Introduction

The molecular driving forces in biomolecular interactions can be better
understood by evaluating the thermodynamic parameters for that particular
system viz. free energy, enthalpy, entropy and specific heat of binding. These
thermodynamic parameters for the ZNF - RREIIBTR system have been
determined using isothermal titration calorimetry (ITC). We have studied the
binding of ZNF mutants to RREIIBTR, ZNF29G29R to RREIIBTR mutants and
and ZNF29G29R b RREIIBTR binding under differing conditions of pH, salt

(anions and cations), temperature, osmolytes and buffers.

Binding constants from gel shift assays

We have previously reported the binding of ZNF29 and ZNF29G29R with
RREIIB, as determined by gel shift assays (1). It was observed that under those
conditions reported, we see a very minor shift in the RREIIB B ZNF complex on
the gel as compared to the free RNA. As a result, a competition assay was used
to determine the dissociation constants for the above-mentioned proteins. The
gel shift experiments were reevaluated and we observe a shifted band for the
complex under current conditions. The RNA in the current gel shift experiment
was RREIIBTR, since it was the RNA used in NMR structure determination.

Free and ZNF bound samples were run on a 15% native PAGE gel at 110
V at room temperature. The running buffer was tris borate buffer (0.5X), made

from a 10X stock (108 g Tris base, 55 gm boric acid, pH adjusted to 8.0, in a liter
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of deionized water). All samples were made in 10 mM sodium phosphate, 50 mM
NaCl, 200 uM ! me and loaded with 5 pl of 60% sucrose solution (total sample
volume 25 pl). The running buffer was degassed before use and the gel was
prerun at 110 V for an hour before loading the samples. Subsequently, the gel
was stopped when the bromophenol blue band (loaded in the same lane as free
RNA) had migrated to the end of the gel. The gel was then stained in 50 ml of
running buffer containing a 1:10,000 dilution of SYBR Green Il (Invitriogen) for 45
min in a covered container, followed by scanning on a Typhoon fluorescence
scanner (Amersham Biosciences). The intensities of the gel bands were
guantitated by Imagequant TL, v1.0 software (Amersham Biosciences). The free
RNA band in lane 1 was normalized to 1. For the RNA - protein samples (lanes 2
- 10), the free RNA band (blue dashed line) was used to estimate the amount of
free RNA, and consequently the fraction of bound RNA, with increasing protein
titrations (Figure 4.1).

The fluorescence intensities of the complex (Figure 4.1 A, red dashed line)
are lower than that of the free RNA. This could be attributed to a decrease in the
number of binding sites available for SYBR Green Il molecules on the ZNF
bound RNA, as compared to the free RNA. Additionally, fluorescence quenching
of SYBR Green Il molecules bound to the RNA B ZNF complex can also
potentially decrease the intensity of the bands. Therefore, we have utilized the
fluorescence intensities of the free RNA band for our calculations.

A plot of the fraction of bound RNA ($) vs protein concentration [P] was

used to calculate the dissociation constant (Kg), by fitting the data to a 1:1
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binding model in Kaleidagraph, v3.6. The equation used for fitting was as follows:
$=[P]/([P] +Ka)
where $ is the fraction of ZNF bound RNA,
Kq is the dissociation constant,
[P] is the concentration of the free ZNF29.
The Ky for ZNF29 B RREIIBTR binding was determined to be 27 £ 3 nM by gel

shift assay, under the current conditions: 50 mM NacCl, pH 8.0 and 298 K.
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ZNF29 - RREIIBTR

Free RREIIBTR

z29 (M) $
0 0
1.10E-08 0.18
2.15E-08 0.37
3.03E-08 0.52

4.13E-08 0.68
6.15E-08 0.74
8.03E-08 0.78

1.05E-07 0.85
1.56E-07 0.89
2.52E-07 0.92

(M)

Figure 4.1 ZNF29 DRREIIBTR gel shift assay.

A. Picture of the gel shift assay as obtained from the Typhoon fluorescence scanner
and analyzed by the Imagequant TL v1.0 software. RNA (RREIIBTR)
concentration was 50 nM with increasing protein (ZNF29) concentration from left
to right. The ZNF29 concentrations are listed in the table next to Figure 4.1 B.

B. Curve fit of the data from A in Kaleidagraph software v3.6. The red box (inset)
displays the fitting parameters: y is $, m0 is [P] (free ZNF29 ) and m1 is Kj.
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Energetics from Isothermal titration calorimetry
a. RREIIBTR B ZNF mutants

We have determined the thermodynamic parameters involved in the
binding of all the ZNF mutants listed in Table 2.1, to RREIIBTR, by ITC. All ITC
experiments mentioned henceforth were done under the following conditions
unless mentioned otherwise. Calorimetric titrations were performed on a VPITC
microcalorimeter (Microcal Inc.) by injecting 10 pl of the respective protein into
the respective RNA solution (5 uM) every 600 s until saturation occurred. The
VPViewer 2000 (Microcal Inc.) was used for data collection and Origin 7.0
(OriginLab) was used for curve fitting. The protein concentrations in the syringe
were in the range of 70 - 75 uM and were determined by NMR as mentioned
previously. The pH values of protein and RNA solutions used were adjusted to
have a difference smaller than 0.05 units. The first data point was obtained by a
1 ul protein injection into RNA and was discarded since it contained errors due to
diffusion. The heats obtained were corrected for heat of dilution of the titrant
(protein), by subtracting a straight line consisting of the data points that indicated
binding saturation, in the Origin software, before curve fitting. In experiments
where saturation was not apparent, heats of dilutions were obtained separately
by injecting protein into buffer under respective conditions of the protein-RNA
titration. Finally the stoichiometry K, (association constant), dH (enthalpy) and dS
(entropy) were obtained by curve fitting to the relevant binding model in Origin

7.0.
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All ZNF mutants D RREIIBTR ITC data had similar binding isotherms

(Figure 4.2) and could be fitto a 1:1 binding model. The thermodynamic

Figure 4.2 Binding isotherm for
ZNF29G209R titrated into RREIIBTR.
ZNF29G29R - RREIIBTR binding as
followed by ITC at 298 K and pH 7.0.
The protocol for the experiment is
mentioned above. The binding
isotherm was baseline corrected and
the peaks were integrated. A 1:1
binding model was used to fit the data
obtained, in Origin 7.0 software and
yielded the values of the association
constant (K,), the enthalpy (%) and
the stoichiometry (n). The software
also calculated the value for the
entropy (%8) using the relation %G =
% -TYS, where %G is the Gibbs free
energy and is related to K, by the
equation %5 = -RTIn(K,). The value of
R is 1.987 kcal mol™ K™.

parameters for these titrations are displayed in Table 4.1.

As can be seen, ZNF29G29R had the lowest Ky or in other words, the
highest affinity to RREIIBTR. ZNF29G29R differs from ZNF29 only in the C
terminal arginine but binds RREIIBTR in the same manner as evidenced by the
imino spectra. The higher binding affinity for ZNF29G29R likely indicates
interaction of the terminal arginine residue with the RNA phosphate backbone.

The ZNF29H6A and ZNF29H6K mutations were studied to query whether
the histidine at position 6 made any specific interaction and if so, whether that

interaction was due to aromatic stacking between the histidine and a RNA base.



Table 4.1 ITC binding data for RREIIBTR B ZNF mutants binding.

Protein n Kd %G 9% -T %S
nM kcal mol™ kcal mol™ kcal mol™

ZNF29 0.97 170+ 20 -9.23 £ 0.88 -7.61+£0.14 -1.61
ZNF29G29R | 1.00 62+ 12 -9.83 £ 0.57 -5.30 £ 0.09 -3.55
ZNF29H6A 0.99 222+ 34 -9.07 £ 0.72 -5.40 £ 0.13 -3.67
ZNF29H6K 1.01 95+ 24 -9.57 £ 0.44 -4.30 £ 0.10 -5.27
ZNF29R12A | 0.99 538 + 87 -8.55 + 0.68 -6.50 £ 0.31 -2.04
ZNF29N15A | 1.04 271+ 39 -8.95 £ 0.75 -7.62£0.18 -1.33
ZNF29D16A | 0.98 383+ 39 -8.75 £ 0.95 -7.83 £ 0.15 -0.92
ZNF29N21A | 0.98 232+ 35 -9.05+£0.72 -6.65 £ 0.16 -2.40
ZNF29N21Q | 0.95 81 +£25 -9.67 £ 0.33 -7.71 £ 0.22 -1.96
ZNF28 0.98 172 +68 -9.22+£0.21 -4.90 £ 0.16 -4.23
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The RNA used in the sample cell was RREIIBTR, while the protein in the syringe is as
mentioned in the table above. All experiments were conducted at 298 K. The buffer
conditions for RNA and protein are: 10 mM sodium phosphate, 100 mM NacCl, 200 uM
I'me, pH 7.0. The binding affinities are expressed in the form of the dissociation constant
Kg = 1/Ka.
We observe an increased binding affinity for ZNF29H6K over ZNF29, while the
ZNF29H6A mutant has a slighty reduced affinity. This implies that the RNA b
ZNF interaction at the H6 position is not due to stacking, because if it were so,
we would expect a reduction in affinity for both mutants (H6A and H6K mutations
correspond to the absence of an aromatic side chain). The ZNF29R12A mutant
had the lowest binding affinity, although the imino spectra for RREIIBTR bound to
the ZNF29R12A and ZNF29, are similar. We also observe that the imino spectra
of RREIIBTR bound to ZNF29, ZNF29H6A and ZNF29H6K are similar (Figure
3.16), but show differences in their binding affinity. Since imino spectra represent

the binding interface inside the major groove (RNA base pairing), differences in

binding affinity for these mutations (H6A, HE6K and R12A) indicate their
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involvement in contacts with the RNA phosphate backbone or the ribose sugars.
We note that the H6 and R12 residues are diametrically opposite on the ! sheet
and if the " helix of the ZNF is positioned inside the major groove of the RNA,
these side chains are aligned to form potential contacts with the phosphate

backbone (Figure 4.3).

Figure 4.3 ZNF binding RREIIBTR in
the major groove at the bulge.

A cartoon representation displaying the
alignment of ZNF29G29R in the RNA
major groove such that H6 and R12 can
make contacts with the phosphate
backbone (red filled circles). The protein
structure was rendered from the pdb for
ZNF29G29R (id 2AB7) in iMol (2).

The mutations at the tip of the ZNF viz. ZNF29N15A and ZNF29D16A also
have reduced affinities. Zinc fingers are known to make contacts with their tips
and these reduced affinities indicate their involvement in binding. The D16A
mutation can reduce the binding affinity in two ways:

a. The D16A mutation affects RNA binding directly, due to the absence of a D16
D RNA contact.

b. The D16A mutation affects RNA binding indirectly by influencing the position of
the K19 sidechain in the complex, and consequently the binding contributions
from K19. This is plausible since the amide proton of K19 is hydrogen bonded to
the carbonyl oxygen of the D16 sidechain (Figure 4.4). The presence of the
aforementioned D16 B K19 hydrogen bond was established, by the software

SwissPdbviewer (3), in the solution structure of the free ZNF29 (pdb id 2AB3).
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The mutations N21A and N21Q had opposite effects on binding. In
comparison to ZNF29, the N21A mutation reduced the binding affinity slightly
while the N21Q mutation had a 2-fold increase in binding affinity. The N21
position is located at the protein - RNA interface inside the major groove of the
RNA and hence mutations at this position can affect RNA base pairing in the
complex. We observe that the RREIIBTR - ZNF29N21A imino spectrum is similar
to that of RREIIBTR - ZNF29, while in the case of RREIIBTR - ZNF29N21Q, we
are missing the peak that could correspond to U72 (Figure 3.16). The reduced
affinity for the N21A mutation and the imino data (RREIIBTR B ZNF29N21A)
indicate that the asparagine at position 21 contacts the RNA at elements other
than base pairs (possibly ribose sugars). We note that when the asparate at
position 21 is replaced by a longer side chain (glutamine), the carbonyl oxygen of
the glutamine side chain can potentially form a hydrogen bond with the # proton
of the R17 sidechain (Figure 4.4). The presence of this hydrogen bond was
established by SwissPdbviewer (3), from an in silico mutation (N21Q) of the free
ZNF29 solution structure (pdb id 2AB3). Thus the increased affinity of
ZNF29N21Q over ZNF29 could be a contribution from different positioning of the

R17 side chain in ZNFN21Q than ZNF29.

Figure 4.4 Hydrogen bonding of the amino
acid side chains in ZNF29.

A B A. A hydrogen bond between the carbonyl
oxygen of the D16 sidechain to the backbone
amide proton of K19.

B. A hydrogen bond between the carbonyl
oxygen of the N21 sidechain to H# of R17.

The N21Q mutation was made in
SwissPdbviewer from ZNF29 (pdb id 2AB3)
and energy minimized (3).

SwissPdbviewer was also used to determine
the hydrogen bonds in A and B.
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ZNF28 did not show any difference in binding affinity compared to ZNF29.
The enthalpy and entropy contributions to the free energy of binding for all these

mutants are discussed in detail later.

b. Specific heat of binding

We have studied the temperature dependence of enthalpy to determine
the specific heat of binding. For all further experiments, the ITC experiments
used ZNF29G29R as the protein and RREIIBTR as the RNA, unless mentioned

otherwise.

Figure 4.5 Enthalpy - entropy
compensation and specific heat of
binding.

The specific heat of binding is given by
%Cp = #HYH)/#T. The linear regression
fit of the enthalpic dependence on
temperature yielded a slope of -0.2962
kcal mol™ K.

kcal/mol

The free energy of ZNF B RREIIBTR binding has favorable contributions
from both enthalpy and entropy components. The enthalpy B entropy
compensation in the temperature range 288 b 308 K leaves the free energy %G
in a range of -9.46 to -9.90 kcal/mol. It has been noted in the previous chapter
that the complex, free ZNF29G29R and RNA are stable in this temperature
range. Therefore we do not have to consider contributions to the free energy
from thermal denaturation of these 2 components. We observe that the linear

relationship of enthalpy and entropy to temperature also confirms that the binding
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components of this system do not unfold in the studied temperature range. It has
been observed in thermodynamic studies of biomolecular systems that this
relationship is non-linear in cases when one or both biomolecules unfold in
temperature ranges studied (4). From the linear dependence of enthalpy on
temperature, the specific heat of binding (¥Cp) is calculated to be -0.296 kcal
mol*K™ (Figure 4.5). The negative %Cp in biomolecular interactions has been
linked to the extensive dehydration of non-polar (%A,,) compared to polar
surfaces (%), either by the conformational rearrangement of the interacting
molecules or by burial of nonpolar interfacial surfaces (5,6). This surface
dehydration contribution to %Cp is described by the equation 4.1.

UCP =" YeAnp- | YA, (4.1)

where " and ! are numerically positive proportionality coefficients (6,7,8,9).

The accessible surface area (ASA) (polar and nonpolar) for the free protein, free
RNA and the complex has been calculated in Table 4.2.

We see that on binding, more polar than nonpolar surface is buried upon
complex formation (Table 4.2). The disparity in accounting for negative %Cp by
area models that focus on nonpolar surface dehydration alone is also reported in
several studies (4, 11). To provide a rationale, Cooper has proposed a different
approach in interpreting %Cp values. The nature of %Cp is attributed to
@ooperative transitions of a multiplicity of weak interactions b regardless of the

nature of the interactionQ(11).
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Table 4.2 Accessible surface area (ASA) of protein, RNA and complex.

ASA | ZNF29G29R (- 9) RREIIBTR (+ %) Complex (+ %) %> %)
Anp 1225.52 1924.89 2296.09 -854.32
A, 2156.66 5080.65 5005.94 -2231.37

The ASA® (polar and non-polar) have been calculated by the program Surface Racer (10) with a
probe radius of 1.5 «. The pdb file for ZNF29G29R was 2AB7. The free RNA structure of
RREIIBTR has not been submitted to the PDB database. So, the pdb for free RNA was created
from the Rev bound RREIIBTR (pdb id 1G70) by manually deleting the Rev peptide from the
complex in iMol (2). The pdb used for ZNF29G29R complex was created by manually fitting the
free protein (2AB7) into the major groove of the free RNA (previous created pdb from 1G70). The
helix of ZNF29G29R was placed in the major groove of the RNA, since we have shown the
interaction with RREIIBTR is primarily through the helix and the tip of the ZNF (Figure 3.27).

%e °) = Complex (+ °) D[RREIBTR (* %) + ZNF29G29R (* %)]

He has argued based on models and theoretical calculations that:

A. The binding of a ligand to a macromolecule with water involvement in the
macromolecular cavity / interface will be more exothermic than one that
displaces all water at the cavity / interface.

B. The %+ and %Cp calculations for these 2 schemes, macromolecular ligand
binding involving water (Scheme 1) and excluding water (Scheme 2),
result in the following equations.

UCp ~ -4h#fl #T (Scheme 1)

UCp ~ -xh#fl #T (Scheme 2)

where h is the enthalpy of hydrogen bonding (macromolecular b water,
ligand Bwater, water © water, macromolecular b ligand).

f is the fractional occupancy of water molecules at the macromolecule
binding site, the ligand binding site and the fraction of water b water bonds
in the bulk solvent.

T is the temperature.
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X is the number of macromolecule B water hydrogen bonds at the ligand

binding site.

These models are based on the assumption that all hydrogen bonds
having equal heats of formation and fractional occupation have similar values, for
simplification. In both the above Schemes, h and #/#T have negative values
(enthalpy of hydrogen bond formation ~ -3 to -6 Kcal/mol, and f decreases with
increase in temperature), resulting in negative %Cp values. This corresponds to
the negative %Cp observed in the RNA - ZNF system.

These Schemes also rationalize the trend in % values for ZNF29 and its
mutants. The decrease in enthalpy, for ZNF29G29R binding to RREIIBTR as
compared to ZNF29, is inconsistent with the presence of a polar amino acid
(arginine). However, as evident from Figure 4.7, the molecular volume of arginine

is much larger than glycine. Consequently, the binding of ZNF29G29R would be

Figure 4.6 Enthalpy and entropy of all ZNF mutants binding RREIIBTR.
The data is in the order of decreasing enthalpy (less exothermic)
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Figure 4.7 Electrostatic surface potential of ZNF29G29R and molecular volumes.
Electrostatic surface potential mapped on the molecular volume of ZNF29G29R (A) with the
terminal amino acid outlined by a dotted white circle. Wire frame and secondary structure
representation of ZNF29G29R (B) and ZNF29 (C) with the C terminus amino acid side chain
outlined by a blue dotted circle. Electrostatic potential was calculated by solving the nonlinear
Poisson Boltzmann equation by the software APBS (21, 22) and mapped onto the molecular
volume in the visualization software PMV (20).

expected to displace more water than ZNF29. Similarly, in the cases of mutations
of H6, R12 to smaller amino acids (H6A, R12A), we expect lower surface
dehydration of the RNA major groove than for bulkier replacements (H6K). All
these amino acid sidechains will be located closer to the RNA phosphate
backbone with the protein helix in the major groove. We hypothesize that,
mutations from bulkier side chains to smaller ones will show a difference in
enthalpy as we see in Cooper® models, Scheme 2 versus Scheme 1. Cooper®
models and calculations predict that the macromolecule binding ligand with the
entrapment of water (Scheme 1) are more exothermic than the model in which
there is a lesser degree or no entrapment of water. Though all effects on the
enthalpy cannot be attributed to displacement of water from the major groove
alone we observe such a trend in the enthalpies of binding of the ZNF mutants.

The enthalpies of mutants with bulkier side chains ZNF29G29R and ZNF29H6K
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are less exothermic than ZNF29 and ZNF29H6A respectively. ZNF29R12A is
less exothermic than ZNF29 but is still more exothermic than ZNF29G29R, a
ZNF with higher molecular volume. The mutants ZNF29N15A and ZNF29D16A
do not show any differences in binding enthalpy as compared to ZNF29, although
they show different binding interactions as evidenced by the imino NMR studies
(Figure 3.16). This would indicate that the part of the interface involving the
positions N15 and D16 is deeper in the major groove and a mutation to alanine
hampers their binding potential but still allows the mutants to offer a similar
dehydration of the major groove, as ZNF29. Imino NMR data also showed that
ZNF29N21A has a similar binding interface as ZNF29 but we observe a lower
exothermic binding for ZNF29N21A and a slightly higher value for ZNF29N21Q
as compared to ZNF29. In context of the imino data, we hypothesize that
although the asparate does not directly participate in binding, a mutation to
glutamine allows increased access to the major groove. We do not see a
correlation between enthalpy and molecular volumes of all mutants. However, we
also note that these mutants are missing sidechains that potentially interact with
the RNA. This would explain why ZNF28, which has a smaller volume than
ZNF29, is less exothermic than ZNF29 in binding RNA. We would expect the
opposite, based on our ZNF-RNA-water model explained above. This decrease
in enthalpy (less exothermic) could arise if the N terminus of ZNF29 makes a
contact with the RNA phosphate backbone while the N terminus of ZNF28 is

further from the same due to the missing methionine. The differences in enthalpy
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of ZNF28 and ZNF29 is 2.71 kcal/mol, in the range of the hydrogen bond
formation enthalpy ~ -3 to -6 kcal/mol.

The parsing of enthalpy and free energy, into a linear combination of
contributions from specific interactions, is hampered by the enthalpy - entropy
compensation observed in the binding of ZNF mutants to RREIIB. However, a
compensation between increased occupancy of water molecules in ZNF B RNA
binding (increasing the exothermic nature of the binding) and absence of side
chains (mutations) that consequently exclude interactions (decrease in the
exothermic nature of the binding) provides a rationale for the trend we see in

Figure 4.6.

c. Effect of salt pH and osmolytes on RNA binding

We have studied the effect of increasing salt conditions on the binding of
ZNF29 and ZNF29G29R to RREIIBTR. The effects of increasing salt conditions
on the their respective association constants is plotted below in Figure 4.8. We
observe, as expected, ZNF29G29R to have a higher salt dependent RREIBTR
binding compared to ZNF29. The interaction of the protein and RNA leads to
redistribution of the counterions condensed on the respective biomolecules. The
binding equilibrium by Manning® theory (in the absence of anion release) (12)
gives the following relationship:

Log (Ka) = log Knel - m Log [M"]

where K, is the observed association constant.

Knelis the association constant from non B electrostatic interactions.
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Figure 4.8 Effect
of salt on ZNF-
RREIIBTR
binding.

[M?] is the salt concentration in our case NacCl.

m is the number of Na" counterions released on protein binding.
Manning® condensation theory further relates the number of electrostatic
interactions with the phosphate backbone (n) to the fractional condensation (&) of
counterions bound to the backbone by the equation m =n&.

Linear fitting of the salt dependence of the ZNF29 and ZNF29G29R
indicates 1.32 and 0.82 Na’ ions being released upon protein binding. This
equation, however, ignores the release of anions from the ZNF proteins as this
polyelectrolyte model presumes the domination of cation release, assuming that
the charge density of the protein is generally considered insufficient to produce a
counterion screening of the protein. This simplification fails for small nucleic acids
and/or very basic peptides in several studies (13, 14). Both ZNF29 and
ZNF29G29R at neutral pH are highly charged with ~ 6 and ~7 positive charges,
correspond to 20 B 25 % of the amino acid content respectively. Hence the value

of m obtained for the salt dependence on binding reflects the net release of
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counterions. Even though the fractional values of counterion release seem
nonsensical, the difference in m values for ZNF29 and ZNF29G29R suggests the
interaction of the C-terminal arginine with the RNA phosphate backbone. Using
the salt dependent binding equation in Figure 4.8 (red), for ZNF29 B RREIIBTR
affinity from the gel shift assay experiment, we project the salt concentration to
be about 10 mM. This is a reasonable value when we consider sample dilution in
the well, for the gel shift experiment.

We have conducted ITC experiments in 100 mM NaF and 100 mM NaBr
for ZNF29G29r B RREIIBTR binding. We observe a decrease in the binding
affinity for NaF (K4 = 266 + 50 nM) and NaBr (Kg = 108.4 £ 16 nM) as compared
to NaCl (Kq = 62 = 12 nM), indicative of anion involvement in binding either
directly or by affecting the bulk water.

We have also evaluated the effects of pH on ZNF29G29R D RREIIBTR
binding at pH® 6.25 and 8.22. Surprisingly, we observe a decrease in affinity at
both pH®, though the affinity is affected to a higher extent at pH 6.25 (345 + 88
nM) than pH 8.25 (139 + 38 nM) as compared to neutral pH (Kg = 62 £ 12 nM).
We have calculated the pKa of all protonable/deprotonable groups of the protein
(Appendix B) by the program PROPKA (15) and we find that the pKa of the free
histidine His 6 and the N terminal amino group are 6.5 and 8.00 respectively.
Using these pKa values we have calculated the % of protonated His 6 and
deprotonated N terminal NHs" in Figure 4.9 A by the Henderson-Hasselbalch
equation.

pH = pKa + logso [A]/[HA]
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When we compare the % protonation / deprotonation of these 2 groups to the
free energy change in the pH range 6 D 8.25, there appears to be a correlation as
shown in Figure 4.9. Currently, binding induced protonation / deprotonation of

RNA bases have not been evaluated.

Figure 4.9 Effect of pH on the
free energy of binding.

A. Calculated values of the %
deprotonation of His 6 and NH3"
for ZNF29 by the Henderson-

B Hasselbalch equation.

B. Gibb@ free energy at their
respective pH.

To confirm proton uptake / release during binding we conducted the same
ITC experiment at pH 7.0 but in a buffer with a higher heat of ionization. The
correlation between the observed enthalpy and the proton uptake / release at a
specific pH is given by the following equation.

UHobs = WHine + YHion %0
where %Hops is the enthalpy at a certain pH.

%Hin: is the intrinsic binding enthalpy that excludes enthalpy of ionization

of the buffer at that pH.
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%Hion is the enthalpy of ionization of the buffer used, from published values
(16).
% is the net uptake or release of protons and is positive or negative
respectively.
We have used the difference in enthalpy of ionization of the buffers Phosphate
and ACES (16) at pH 7.0, 298 K to calculate %n by the following equation.
% = (YHobs1 - YHobs2) / (YHHiona - Yion2)
From the values in the Table 4.3 below % is calculated to be -0.16.

Table 4.3 Proton uptake/ release at pH 7.0.

Buffers 9%H b5 o%Hion oHi ¢
kcal/mol | kcal/mol kcal/mol

Phosphate | -5.3 £ 0.09 1.225 -5.1 £ 0.09
ACES -6.3+ 0.40 7.514 -5.1+0.40

%H.us in 10 mM phosphate and ACES buffer at pH 7.0 and 298 K. %H;; has been calculated from
equations above.

This indicates a small net release of protons at pH 7.0.

The above data support the results we see for ZNF28 B RREIIBTR
binding, that the N terminal NH3" of ZNF29, in contrast to ZNF28, is interacting
with the RNA. However, it is not clear currently how the deprotonated histidine
residue, which would leave the nitrogen with a lone pair of electrons, can interact
with the RNA.

We have also studied the involvement of water in the binding interface, in
the presence of osmolytes. Osmolytes perturb water activity and their presence
should affect the ZNF29G29R D RREIIBTR binding. The data from the osmolytes

experiments is presented in Table 4.4. We observe that with increasing concentr-
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Table 4.4 Effect of osmolyte (sucrose) on ZNF29G29R BRREIIBTR binding.

Osmolyte
concentration n Ka 9H -T %S In(Ks/Ko)
osm Mm* kcal mol™ kcal mol™
0 0.953 6.64E+6 -4.21 -4.59 0
0.2 0.92 6.36E+6 -5.73 -3.58 -0.043
0.6 0.921 4.02e+6 -6.67 -2.34 -0.50
1.0 0.921 4.25E+6 -6.57 -2.46 -0.45

ITC data for ZNF29G29R titration into RREIIBTR in increasing sucrose concentration at pH
7.0 and 298 K. The salt concentration (NaCl) used was 150 mM. The osmolyte
concentration is expressed in osm the osmolality of the sucrose solution. The osmolality
and molality of the solution are one and the same.

ations of sucrose, there is a decrease in binding affinity. Previous studies (17, 18)
have used the osmotic stress method successfully to study water uptake or
release in the formation of a complex and see a correlation between affinities and
the number of water molecules by the following equation.

#In(Ks/Ko)! #osm] = %»,,/55.5 (19)
where Ks is the binding affinity at the respective osmolyte concentration.

Ko is the binding affinity in the absence of osmolytes.

[osm] is the osmolality of the solution.

%, is the net uptake (positive value) or release (negative value) of water

molecules in the formation of the complex.
Considering only the first 3 data points (0, 0.2, 0.6), we obtain %, ~ -26. The
negative %n,, indicates a net release of water molecules bound to the free ZNF

and RNA upon complex formation. However, more data points in the osmolality
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range (0 B 0.6) have to be collected to validate the current data set. It should be
noted that future osmolyte stress experiments will be conducted with other
osmolytes, in order to verify the absence of any direct interaction of the

respective osmolyte with RNA, ZNF or the complex.

d. RNA mutants BZNF29G29R

ITC experiments involving the binding of ZNF29G29R with the RNA
variants and mutants described in Chapter 3 are presented in the Table 4.5. All
RNA mutants bound ZNF29G29R with a 1:1 stoichiometry. Any mutations to the
G70 b C49 base pair (RREIIBTR_G70_AP, RREIIBTR_C49 _U) resulted in the
lowest binding affinities. The 2-aminopurine substitutions for the guanosines in
the bulge (RREIBTR_G48 71 2AP, RREIIBTR_G47 2AP) also resulted in
lower binding affinity, but not as drastic as changes to the G70 B C49 base pair.
Interestingly, changes to the G50 B C69 base pair (RREIIBTR_G50_ AP,
RREIIBTR_C69_U) reduced affinity, but to a smaller extent, indicating mutations
at this point are not as deleterious to binding.

The imino spectra for RNA bulge mutations (RREIIBTR_G48 71 2AP,
RREIIBTR_G47_2AP) implied non-specific binding (Figure 3.10, Figure 3.11) of
ZNF29G29R. However, in the ITC data (Table 4.5) we observe that these
mutations still allow specific binding, albeit with lower affinities. The lowered
enthalpies for ZNF29G29R binding to the RNAs with bulge mutations (Figure
4.10 B and C) are likely due to lack of specific protein B RNA interactions at the

bulge.
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RNA n Kgq %G %H -T %S
nM kcal mol™ kcal mol™ kcal mol™

RREIBTR 1.0 62+ 12 ]-9.83+0.57] -5.30 £ 0.09 -4.52
RREIBTR_G50_2AP 093] 210+£32 |-9.11+0.11 | -7.76 £ 0.20 -1.34
RREIBTR_C69U 098] 254+49 |-899+0.15] -8.56+0.33 -0.44
RREIBTR_G70_2AP 10 | 671+£102 | -8.42+0.11] -10.14 £ 0.45 1.71
RREIBTR_C49U 1.07 | 510+51 |-8.58+0.07 | -6.07 £ 0.14 -2.51
RREIBTR_G48_71_2AP | 1.04 | 324+ 38 | -8.85+0.07 | -4.67 £ 0.09 -4.17
RREIBTR_G47_2AP 1.02 | 303+42 |-889+0.10| -4.34+£0.12 -4.56

Experimental conditions were as mentioned in the legend of Table 4.1.

As evident from Figure 4.10, mutations in the middle stem (D, E, F and G) are
more exothermic and are accompanied by lower entropic contributions to the free
energy. These changes destabilize the stacking potential of the middle stem,
which in turn decreases the compact geometry of the binding site, compared to
RREIIBTR. The decrease in the binding site compactness thus results in a lower
degree of displacement of water molecules to the bulk solvent, on ZNF29G29R
binding and consequently, is manifested as higher binding enthalpies (more
exothermic, as observed in Figure 4.10 D, E, F, G) and lower binding entropies.
This effect is particularly marked when the G70 B C49 base pair is altered. This is
in agreement with the expectations of the Cooper model where lower
displacement of water from the major groove increases the enthalpic contribution

to free energy (Scheme 1).
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Figure 4.10 Graphical representation of the enthalpy, entropy and free energy of

binding for all RNA mutants and variants with ZNF29G29R.

A. RREIIBTR, B. RREIIBTR_G48_71_2AP, C. RREIIBTR_G47_2AP,

D. RREIIBTR_G50_2AP, E. RREIIBTR_C69U F. RREIIBTR_G70_2AP,

G. RREIIBTR_C49U.

The RNA sequence is displayed to the right with the position of the mutation or variation in

the middle stem (D,E,F,G) marked in red and the bulge marked in blue (B,C).
Conclusion

The parsing of the free energy of the RNA D ZNF interaction, into additive

terms, is complicated by the enthalpy - entropy compensation phenomenon
observed for the different protein and RNA mutations. We did not observe a
complete loss of binding in any of the experimental conditions or protein / RNA
mutations in our studies. Surface area models that account for the specific heat
of binding by the dehydration of nonpolar surfaces could not explain the negative
%Cp values observed. The thermodynamic binding parameters could, however,
be rationalized when we consider that the RNA B ZNF binding event involves
cooperative transitions of a multiplicity of weak interactions (regardless of the

interaction type), as suggested by Cooper (11). These interactions not only

involve the protein and the RNA but also those made with the solvent, solvent -
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solvent interactions and solvent B ion interactions. Our data implies substantial
contributions to the enthalpy of binding due to lowered displacement of solvent
and counterions from the RNA, on ZNF binding. This lowered displacement of
solvent and counterions is also evidenced as reduced entropy contributions to
the free energy of binding. An overlay of %H versus %8, for all our experiments,
display this enthalpy D entropy compensation (Figure 4.11). We note that this
linear correlation between the enthalpy and entropy is observed in both cases,
mutations in the protein or RNA (blue triangles) and under varying salt, pH,
temperature, osmolytes and buffer (red squares) conditions.

We hypothesize that the enthalpy B entropy compensation in
aforementioned cases are guided by different roles of water. In the first case,
water has a passive role (blue triangles), where mutations hamper the ability of
the respective protein or RNA to affect water displacement; while in the later (red
squares), water has an active role when experimental conditions enable its ability

to affect its displacement to the bulk solvent.
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Figure 4.11 The role of solvent in enthalpy - entropy compensation phenomenon.

%1 and %S values for the binding of all ZNF mutants to RREIIBTR and the binding of
ZNF29G29R to all RNA mutants and variants are plotted with the filled blue triangle. A black
dotted line represents the linear regression fit for this data with the equation displayed in
blue.

%+ and ¥& values for the binding of ZNF29G29R to RREIIBTR under different conditions of
salt, pH, temperature, osmolyte and buffer are plotted with the filled red square. A black
solid line represents the linear regression fit for this data with the equation displayed in red.

Note: All ITC data presented in this chapter are shown in detail in Appendix C.
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CHAPTER 5 NMR structure of RREIIBTR bound ZNF29G29R

Introduction

The structure of the RREIIBTR bound ZNF29G29R was determined from
distance and torsion angle restraints obtained from NMR data. In the current
Chapter, a brief overview of the free protein structure will be discussed, followed
by the NMR resonance assignment and structure determination of the bound
ZNF29G29R. The zinc finger chosen for the RNA D protein complex was
ZNF29G29R, since it had the highest binding affinity to RREIIBTR and is
therefore expected to be more amenable to NMR analysis in comparison to the

other RREIIBTR- mutant complexes.

Overview of free ZNF29G29R structure

The structure of the free ZNF29G29R has been previously determined (1)
using the program DYANA (1) with distance and angle restraints derived from
NMR experiments. ZNF29G29R has the characteristic !'!" architecture of
Cys;His; zinc finger proteins (Figure 5.1). The hydrophobic core of the zinc finger
is constituted by the residues Y3, C5, C10, F14, H23 and H27. The residues C5,
C10, H23, H27 are involved in zinc coordination. The amino acids Val2 b Val4
and Serl3 D Asnl5 constitute the two ! -strands of the antiparallel ! -sheet. The ! -
sheet is connected to a 3-turn " -helix (R17-R29) by a turn consisting of the
amino acids N15 and D16. This turn is also referred to as the @ipOof the zinc

finger.
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A B

Y3
F14 L20

CQ: ? o3

C10
Figure 5.1 NMR solution structure of free ZNF29G29R (pdb id: 2AB7).
(A) A single representative conformer with the ! I " motif has been displayed (1) with the amino

acid sidechains that constitute the hydrophobic core.
(B) An overlay of 5 structures with the lowest target function values from DYANA.

Resonance assignments for RREIIBTR bound ZNF29G29R

Structure determination by NMR requires the assignment of the spectral
resonances to their respective protons. However this process is complicated by
overlap of protein and RNA resonances, since they occur in similar chemical shift
ranges of an NMR spectrum. The issue of overlap is addressed by:

a. Isotope labeling (**N and/or *3C) of one of the two biomolecules in this
complex, which allows detection of the proton and heteronuclear (**N
and/or *C) chemical shifts of the labeled biomolecule by isotope edited
NMR experiments, while Giltering outGthe resonances of the unlabeled

biomolecule (2).
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b. Use of 3D heteronuclear experiments which allows identification of
overlapped resonances of the labeled biomolecule, separating them by
their heteronuclear chemical shifts.

The sample used for all NMR experiments (H,O and D,0) consisted of
unlabeled RREIIBTR and *C, N labeled ZNF29G29R. An unambiguous
assignment of the detectable protein resonances (*H, *C, **N) was obtained by
an iterative assignment process, involving all spectra listed in Table 5.1, but
generally following the order listed below.

1. ® N B'H HSOC

A comparison of N HSQC spectra (3) of free and bound ZNF29G29R
was used to identify most of the backbone amide resonances (Figure 3.27).
2. HNCA

Figure 5.2 HNCA magnetization
transfer.

The order of magnetization transfer
is denoted by 1. green, 2. red, 3.
purple and 4. blue arrows. The
coupling constants involved are:
“Ink = 92 Hz,  “pica = 11 Hz and
ZInicaia = THz.

Spectral dimensions: Fy: 3¢, F»:
N, Fs: 'H.

The HNCA experiment (4) correlates the alpha carbon, C. resonances of
the i™ and i-1™ amino acids to the backbone amide (*H and *°N) resonances of
the i amino acid and thus provides a sequential assignment of the protein
backbone (Figure 5.3). The magnetization transfer for HNCA is shown in Figure
5.2. The peak representing **C. (i) - *Hn(i) - *>N(i) has a higher intensity than the

peak from C. (i-1) - *Hi(i) - *>N(i). A section of this sequential correlation (F7 B
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F14) of the ZNF29G29R backbone is presented in Figure 5.3. We observed

breaks in this connectivity for the regions M1 DY3, C5 DF7, F14 BL20, and N21

bR22.

Figure 5.3 HNCA strip plot for the connectivity F7 BF14.

Each strip represents the chemical shift plane for the amino acid assigned in the box below
the strip. The connectivity between successive 13C. resonances is outlined by green lines.
The assignment process and the strip plots have been done with the aid of the NMR

assignment program SPARKY (9).
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3. HBHA(CO)NH

Figure 5.4 HBHA(CO)NH
magnetization transfer.

The order of magnetization transfer
is denoted by 1. green, 2. red, 3.
purple 4. blue and 5. grey arrows.
The coupling constants involved are:
YJen = 135 Hz, Jcacy = 35 Hz, “Jcaco
=55 Hz "Jconia = 15 Hz and "y, =
92 Hz. The carbonyl atom (Co) is
used as a relay and is not detected
in the experimental data (5). Spectral
dimensions: F;: ', Fs: BN, Fs: .

The HBHA(CO)NH experiment (5) correlates the backbone amide (*H and
>N) resonances of the ith amino acid to the *H" and 'H! resonances of the
preceeding (i-1) amino acid. The magnetization transfer for this experiment is
shown above in Figure 5.4.

4. HCCH TOCSY

Figure 5.5 HCCH TOCSY magnetization
transfer.

The order of magnetization transfer is denoted by
1. green, 2. red, and 3. purple arrows. The coupling
constants involved are:

lJCH =135 Hz, lJCaCb = 35 Hz. Spectral dimensions:
Fi: 'H, Fa: °C, Fa: 'H.

The HCCH TOCSY experiment (6) provides a correlation for the
resonances of all carbon bound protons in the spins systems of each individual
amino acid. Furthermore, the overlap in the proton dimension is resolved by
separation of these resonances by their carbon chemical shifts. The flow of

magnetization is displayed in Figure 5.5



97

5. B¥C bH HSQC

A comparison of the free and bound *C HSQC spectra of ZNF29G29R
were used to confirm the *3C. assignments as well as assign the peaks that were
not detected in the HNCA experiment. This allowed us to identify the *C.
resonance of M1, which was also confirmed from the HCCH TOCSY experiment.
The spectral region corresponding to the **C.-'H. resonances (Figure 5.6) and
the aromatic resonances of the free and bound ZNF29G29R are displayed in
Figure 5.7. As can be seen we see distinct chemical shift changes for the Met 1
(**C. and *H.) and for His6 (**C and *Hay). This provides additional evidence, in
context of the ITC pH experiments in Chapter 4, of the involvement of these

residues in RREIIBTR binding.

Bound M1

l/

\K Free M1

Figure 5.6 An overlay of the Be. - h spectral regions of free and bound ZNF29G29R
HSQC spectra. This overlay was created in SPARKY(9). The resonances from the bound
ZNF29G29R are in red and those from the free protein are in green. The blue dotted circle
encircles the free and the bound resonances of the amino acid M1.
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Bound H6 Free H6

Figure 5.7 An overlay of the aromatic spectral regions of free and bound
ZNF29G29R *°C - 'H HSQC spectra. This overlay was created in SPARKY(9). The
resonances from the bound ZNF29G29R are in red and those from the free protein are in
green. The blue dotted circle encircles the free and the bound resonances of the amino
acid H6.

6. HNCO
The HNCO experiment (7) correlates the backbone amide chemical shifts
(*H and N) of the i amino acid to the carbonyl (**Co) chemical shifts of the

preceding (i-1) amino acid. The flow of magnetization is depicted in Figure 5.8.

Figure 5.8 HNCO
magnetization transfer.

The order of magnetization
transfer is denoted by: 1. green,
2.red, 3. purple and 4. blue
arrows. The coupling constants
involved are:

Yk = 92 Hz, “yicoia = 15 Hz.
Spectral dimensions: Fy: 3¢, F»:
N, Fs: 'H.
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All unambiguous chemical shift assignments obtained from the above

mentioned spectra are listed in Table 5.2.

Table 5.1 List of NMR experiments used for the assignment and structure
determination of the RREIIBTR bound ZNF29G29R.

Experiment Data type 2D/3D| Solvent
"N HSQC Assignment 2D |H.0
[Fc HSQC Assignment 2D [H.0O/D,0
[HNCA Sequential Assignment 3D |H:0
[HNHA °Junna coupling constants 3D |H:0
|[HBHA(CO)NH Sequential Assignment 3D |H:0

HCCH TOCSY Amino acid spin system assignment | 3D [H.O/D,0O

[°N NOESY HSQC [NOE restraints 3D |H:0
[°C NOESY HSQC [NOE restraints 3D |D.O
[HNCO Carbonyl atom assignment 3D |D.O

All experiments were performed on a BRUKER Avance 500 using a 5 mM triple resonance
Inverse (TXI) CryoProbeTM with Z-gradient. Data was processed using XWINNMR 2.5.

The NMR (H,0) sample (300 pl) had the following components: 0.5 mM 1:1 complex (12C,
N RREIBTR D *C, ®N ZNF29G29R), 10 mM Tris (deuterated), 100 mM NaCl, 200 pM
I me (deuterated), 25 UM ZnSQOy4, 10 uM NaN3z, 10% D,0, pH 7.00. The NMR (D,O) sample
(300 pl) had the following components: 0.35 mM 1:1 complex (12C, N RREIIBTR BC, N
ZNF29G29R), 10 mM Tris (deuterated), 100 mM NacCl, 200 uM ! me (deuterated), 25 uM
ZnS0Oy, 10 uM NaNg3, pH* 6.6.

Spectral referencing was done by the DSS peak at 0 ppm in a 1D spectrum. Spectral
reference values (Bruker parameter, SR) from the 1D spectrum were used in 2D and 3D
experiments for the 'H dimension. The *C and *°N dimensions were referenced indirectly
(ref). All experiments were conducted with a relaxation delay of 1.5 s at 298 K.

NOESY experiments (H,O) were done at 2 mixing times 200 ms and 100 ms. One NOESY
experiment (D,0), was done for 150 ms.



Table 5.2 Chemical shift assignment table from SPARKY.

MET1
VAL2
TYR3
VAL4
CYS5
HIS6
PHE7
GLU8
ASN9
CYS10
GLY11
ARG12
SER13
PHE14
ASN15
ASP16
ARG17
ARG18
LYS19
LEU20
ASN21
ARG22
HIS23
LYS24
LYS25
ILE26
HIS27
THR28
ARG29

The atom names used are as in the dyana.lib file atom definitions (10). Pseudo atom names are used when stereospecific

CA

54.63
61.24
57.36
61.03
60.53
55.74
60.18
58.02
54.39
61.09
45.79
57.19
56.53
57.05
53.31
53.07
58.76
59.03

56.5

59.23
58.6

60.01
58.44
63.11
54.84
61.57
57.72

CcOo

174.4
174.7
174.7

175.1
175.5
176.2
174.1
176.2
174.7
174.1
172.9
175.5
174.7

180.2
179.4
177.5
177.8
178.6
176.3
178

178.8
177.3
175.3
173.5

HA
4.078
4.396
4.603
4.567
4.367
4.871
4.042
3.757
4.371
4.587
4.002
3.989
5.219
4.792
5.251
4.757
3.11
3.921
3.123
4.186
3.955
4.203
3.522
3.978
3.89
4.402
4.362
4.182

HB2
1.86
3.029
1.66
3.431
3.521
2.643
3.109
3.132

1.373

2.72

2.814

HB3

3.261

2.647

HD2

HD21

HN

8.916
8.535
8.917
8.596
8.141
8.761
8.079
8.205
8.128
7.827
8.941
9.354
7.312
8.296
7.803
6.967
8.268
7.723
7.458
8.288
6.94

7.824
7.008
7.475
7.652

N

124.9
124.2
128.3
125.7
128.2
116.8
121.6
105.7
122.1
114.4
118.6

115.4
120.1
119.2
121.4
118.4
119.4
119.5
115.9
117

116

117

111.8
128.1

ND2

QB
2.04

1.79

3.073

1.866
1.808
0.59

QG
2.417

1.667

QG1

0.8042

0.5399

QG2

0.7913

1.186

QQD

assignments could not be made or when diastereotopic groups were overlapped. Pseudo atom names start with the letter Q for

I," #protons and with QQ for methyl groups.

00T
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Backbone chemical shift differences between free and bound ZNF29G29R

Chemical shift differences of the protein backbone between the free and
RREIIBTR bound ZNF29G29R are displayed in Figures 5.9, 5.10, 5.11, 5.12 and
5.13. As can be seen, other than M1 and H6, most of changes generally
occurred in the ! -helix spanning R17-R29. The residue F14 showed the largest
difference in carbonyl chemical shift. The residues missing assignments are
indicated by black filled triangles.

The backbone torsion angle " is defined by the atoms *Hy, *°N, **C, and
'H, while the backbone torsion angle # includes the atoms *H,, *C,, **Coand O.
The chemical shift difference data for these atoms thus allows us to use coupling
constants of the free protein, in the structure determination of the RREIIBTR
bound ZNF29G29R, for the residues which show minimal differences (within
dashed lines) for all 5 atoms (*Hn, °N, **C, *H, and **Co). The criteria used for
Gninimal differencesOwere: *C, +0.1 ppm, *H, #0.05 ppm, °N +0.1 ppm, *Hy
+0.05 ppm and *Co +0.2 ppm. The above criteria were based on the ppm
tolerances allowed in chemical shift assignments, of the same nuclei, in different
spectra of the same sample. The residues which meet the above-mentioned
criteria, for all 5 atoms constituting the backbone torsion angles, are C5, E8, N9,
G11, R12, S13 and L20. These coupling constants are in addition to those
derived from the HNHA experiment. For residues which had coupling constant
inputs from the chemical shift difference Table as well as the HNHA experiment,

we used the values derived from the HNHA experiment, as described below.
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Figure 5.9 Chemical shift differences (bound Dfree) for *°C, resonances (ppm).

Figure 5.10 Chemical shift differences (bound Dfree) for *H, resonances (ppm).
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15N

Figure 5.11 Chemical shift differences (bound Dfree) for *°N (backbone amide)
resonances (ppm).

Figure 5.12 Chemical shift differences for (bound Bfree) *Hy (backbone amide)
resonances (ppm).
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~

13CC

Figure 5.13 Chemical shift differences (bound Pfree) for **C&carbonyl) resonances
(ppm).

Coupling constants for the torsion angle ": HNHA

The HNHA experiment is a 3D NMR experiment that facilitates the
determination of the three-bond *Hy-'H, J-coupling constants (8). The diagonal
peak in a HNHA experiment represents the backbone amide resonances (*Hy,
>N) while the cross-peak represents the *H, resonance. The diagonal peak and
its corresponding cross-peak have opposite phases. The intensity ratio between
the cross-peak and the diagonal peak provides a direct measure of the
magnitude of *J(*Hx-'H,) by the following equation (8).
Intensity(cross peak) / Intensity(diagonal peak) = -tan?(2#J,1$)

where Juy is the 3 bond coupling constant *J(*Hx-*H, ) in Hz,
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2% is the delay after the initial 90j proton pulse during which the transverse

'Hy magnetization dephases as a result of the homonuclear ‘Hy-'H,

scalar coupling. In our HNHA experiment $=13.5 ms.
The antiphase magnetization component of the cross-peak relaxes at a faster
rate than the inphase magnetization of the diagonal peak. The equation above
has been derived with the assumption that both, inphase and antiphase,
magnetizations relax at identical rates. This discrepancy is addressed by a 11%
correction to the coupling constant values obtained by the equation mentioned
above (8). The determination of *J(*Hn-'H,) coupling constant is complicated by
their small size relative to natural proton line widths and hence coupling
constants for all residues could not be achieved by this method, for the RNA
bound ZNF29G29R. The intensities of the diagonal and cross-peaks were
determined using the SPARKY NMR assignment program (9). The coupling
constants derived from the HNHA data as well as those supplemented from the

chemical shift difference data is listed in Table 5.3.

Table 5.3 Coupling constants from the HNHA experiment.

Residue | *J(HN-HA) (Hz)

Y3 9.92

C5* 8.4

E8* 4.88

N9 7.20

C10 7.20 ) - )

G11 705 The intensities of cross-peaks and diagonal peaks were

i extracted by SPARKY. The amino acids marked by * indicate

R12* 5.70 unchanged chemical shift for the bound ZNF from the free
S13 8.42 protein and had inputs from the free ZNF29G29R coupling
L20* 4.88 constants (1).

H27 7.67

T28 8.73
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Distance restraints: NOESY

Distance restraints for structure determination in NMR are obtained by the
integration of the cross-peak volumes of assigned peaks in a NOESY spectrum.
The NOESY experiment detects the alteration in the resonance intensities of
nuclei in close proximity (< 5 ¢) due to the Nuclear Overhauser Effect (NOE).
This NOE effect is manifested in cross-peaks that correlate the distance between
the corresponding resonances (*H) by their intensity. The NOESY cross-peak
volume is proportional to r®, where r is the distance between those protons.

The determination of distance restraints for the RREIIBTR bound
ZNF29G29R has been carried out by the 3D experiments: *H->N NOESY-HSQC
for H,O samples and *H-"*C NOESY-HSQC for D,O samples. The first part of the
experiment detects the NOE between 2 protons while the second part detects
>N-attached protons only, thus effectively screening out the intra-RREIIBTR
(unlabeled) NOE cross-peaks. As a result, the volume of the cross-peaks in this
spectrum represent intramolecular NOE® (*°N labeled ZNF29G29R) and
intermolecular NOE® (unlabeled RREIIBTR - N labeled ZNF29G29R). The 'H-
13C NOESY-HSQC experiment works in the same manner except NOE cross-
peaks are detected to **C attached protons.

The 3D NOESY HSQC experiments for the complex in H,O and D,O were
carried out with mixing times of 200 and 150 ms respectively. The assignments
of the cross-peaks were achieved from previously assigned spectra (Table 5.1,
Table 5.2). Since RNA resonance assignments are not known currently, some

cross-peaks could not be assigned unambiguously. The integration of cross peak
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volumes were carried out in the NMR assignment program SPARKY. Cross-peak
volumes were then converted to approximate distances (upper distance limits) by
the CALIBA macro in the structure calculation program DYANA (10). The above
cross-peak volume to upper distance restraint conversion is explained in detail in

the following section.

Structure calculation and analysis

There are several methods that are used to perform structural calculations
from NMR data. Some of the most widely used algorithms include metric matrix
distance geometry, variable target function method, molecular dynamics in
cartesian space and torsion angle dynamics. All these methods search
conformational space to satisfy the NMR derived restraints. Amongst these,
torsion angle dynamics (TAD) provides one of the most efficient ways to
calculate NMR structure of biomolecules (10). TAD searches torsion angle space
to fulfill conformational restraints by conjugate gradient minimization of a variable
target function. The target function involves the potential energy of the system. In
addition, TAD uses simulated annealing combined with molecular dynamics so
that the target function does not get trapped in local minima. Simulated annealing
consists of heating the system in silico to a high temperature and then cooling it
down slowly, in order to cross barriers between local minima of the target
function.

We have used the structural calculation program DYANA (Dynamics

algorithm for NMR applications) (10), which incorporates TAD with simulated
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annealing for the calculation of macromolecular structures from the restraints
derived from NMR data. The initial inputs to the program consisted of 181
integrated cross-peak volumes (NOESY) and 11 coupling constants (HNHA).
The cross-peak volumes are calibrated by a DYANA macro called CALIBA.
CALIBA calibrated the volumes using 3 different calibration classes, V= A/r® for
backbone protons, V= B/r* for flexible side chain protons, and V= C/r* for methyl
groups, where V is the volume of the cross peak and r is the corresponding
distance. The parameters A, B and C were calculated automatically by CALIBA
based on the NMR data. These distances (* ) were written to an upper distance
limits (upl) file. In addition to the above mentioned upper distance limits from
NMR data, upper distance limits for Zn** coordination to the residues C5, C10,
H23, H27 were also included in the upl file. A lower distance limits (lol) file was
also created that included the lower distance constraints for Zn** coordination to
the residues C5, C10, H23, H27. These values for Zn”* coordination restraints
were obtained from literature (1, 11, 12, 13). The lol file was further appended
with lower distance limits for restraints that were calculated to be above 4 « by
CALIBA, by subtracting 2 « from upper distance constraints. The scalar coupling
constants obtained from the HNHA experiment and from chemical shift difference
data mentioned before, were written into a coupling constant file (cco). These 3
files (upl, lol, cco) are then utilized by the DYANA macro GRIDSEARCH for a
systematic analysis of local conformations around the C, atom of each residue to
determine allowed conformations for the dihedral angles ", % &l and &. The

macro HABAS was then used to stereospecifically assign diastereotopic groups
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of the sidechains and write these constraints to an angle constraint file (aco). The
initial aco file created consisted of 88 dihedral angle constraints.

Initial structures were calculated with the upl, lol and aco data by the
DYANA macro ANNEAL from random conformations. ANNEAL was used to
perform simulated annealing cycle with a total of 6000 TAD steps in the following
order (10, 14).

1. An initial 100 step minimization cycle to reduce high energy interactions
that would otherwise perturb the TAD algorithm.

2. 1200 TAD steps at a constant high temperature, 10,000 K.

3. 4800 TAD calculations with slow cooling to 0 K.

4. Inclusion of H atoms to check for steric overlap and a 100 step conjugate

gradient minimization cycle. This was followed by 200 TAD steps at 0 K.

The H atoms were excluded till step 4 and check for steric overlap was

only performed for heavy atoms.

5. Afinal 1000-step conjugate gradient minimization cycle.
We calculated the initial 50 conformers in this manner. After this structure
calculation, an overview file sorts the structures in ascending order of target
function values (f). The target function value is indicative of the agreement
between the conformers generated by DYANA and NMR restraints applied. The
overview file also contained the root mean square deviation (RMSD) for the
backbone atoms and heavy atoms for the conformers along with distance and
angle violations. These violations were remedied by confirming the assignment

and the integration of the respective cross peaks. If the assignment could not be
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faulted, the corresponding distance violation was incremented by 1 « and 50 new
conformers were generated from the updated upl and the older lol and aco files.
The above-mentioned correction for upper distance limits were performed only
for violations that showed up in all conformers and for overlapped cross-peaks.
This process of updating the upl file was performed until the 50 conformers
generated had 0 violations.

The quality of NMR structure calculations depend on the percentage of all
conformers calculated that reach target function values below 1 «2 The
percentage of initial ensemble of conformers calculated without any
distance/angle violations that had target function values below 1 «? was low ~
20%. This percentage was improved by using the REDAC strategy (14). The
REDAC strategy produces additional angle constraints by first calculating an
ensemble of 50 structures with the variable target function method and then
generating redundant angle constraints for all residues with local target function
values below the ang_cut parameter (0.2% (14). The new aco file (with the
additional REDAC generated angle constraints) was then used to calculate a set
of 50 conformers and the percentage of target function values and RMSD values
were evaluated. The REDAC strategy, followed by calculation of conformers, was
carried out untill no significant improvement in the percentage of target function
values below 1 « 2, reduction in the RMSD values and increase in the number of
angle constraints were observed. The final cycle of REDAC resulted in a total of

112 angle constraints. A flowchart of the entire structure determination process is
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presented in Figure 5.14. The results (overview) of the final set of 30 conformers,
out of the total 50 calculated, are displayed in Table 5.4.

The type (sequential, medium, long range) and the distribution of
restraints used to calculate this ensemble, along the ZNF29G29R sequence is
displayed in the Figures 5.17 and 5.18. A Ramachandran plot of " and %
distributions for all 30 conformers displayed in Figure 5.15 indicate that most "
and %angles for this set of conformers lie in allowed regions. Finally, an overlay

of the 30 conformers is presented in Figure 5.19.

The ensemble of conformers in Figure 5.19 represents a set of preliminary
structures in the structure determination process and needs further refinement.
Nevertheless, the tertiary features of the structure are already emerging. The
elements of the structure involving residues V2 - D16, in these conformers. are
more converged than for residues R17 - R29 (Figure 5.19). This is perhaps not
surprising since the number of constraints for the former greatly outnumber the
latter (Figure 5.17). A set of 30 conformers calculated without the zinc upper and
lower restraints also resulted in a similar bundle of structures, albeit with lower
target function values (average target function values for 30 out of 50
conformers: 0.65). This demonstrates that the structure calculation process was

not biased by zinc restraints.
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Figure 5.14 Flowchart of the structure determination process.
The blue dashed box indicates functions performed in SPARKY (9)

Final constraints used in structure determination

A summary of the final constraints used and final structures calculated are
listed below.

NOE derived upper distance constraints (upl) 163
Dihedral angle constraints (aco) 112
Zn** coordination distance constraints

upper (upl) 4

lower (lol) 4
Total constraints 283
Total number of conformers calculated 50
Percentage of conformers calculated with
target function values < 1 » 2 54
Final number of conformers written to pdb 30
Number of conformers with violations

distance violations > 0.2 » 0

angle violations > 0.1Y4 0



Table 5.4 Overview of the final 30 conformers.

Structural statistics:

str target upper limits  lower limits van der Waals torsion angles
function # summax # sum max # sum max # sum max

1 4.32E-02 0O 0.6 011 0 0.0 0.00 O 0.3 0.04 0 0.0 0.00
2 5.88E-02 0 0.7 011 0 0.0 0.00 O 0.2 0.04 0 0.0 0.00
3 6.70E-02 0O 07014 0 0.0 000 O 0.3 0.04 0 0.0 0.01
4 9.16E-02 0 07014 0 0.0 000 O 05005 0 0.0 001
5 0.13 0 11011 0 0.1 0.07 O 05 0.11 0 0.0 0.02
6 0.15 0O 0.8 017 0 0.2 0.07 O 0.6 0.07 0O 0.2 0.05
7 0.15 0 12010 1 020.21 0 05 0.06 0 0.1 0.04
8 0.16 1 09025 0 0.0002 0O 06 0.09 0 0.0 001
9 0.18 0 11 016 0 0.0 0.02 0 0.7 012 0 0.1 0.05
10 0.18 0 11014 0 000.05 0 0.9 0.08 0 0.1 0.04
11 0.23 0 12019 0 0.2 017 0O 0.7 0.16 0O 0.0 0.01
12 0.29 0 12015 1 04020 0 1.1 0.11 0O 0.1 0.05
13 0.29 0 14017 1 04023 0 1.0 0.12 0 0.0 0.01
14 0.36 1 13026 0 0.0001 1 09027 0 0.1 0.04
15 0.44 3 17038 0 00001 O 0.6 0.12 0 0.0 0.01
16 0.44 1 20028 0 02007 0 13 0.17 0 0.2 0.04
17 0.44 0 19016 0 00003 0 19 0.15 0 0.2 0.08
18 0.47 3 15039 0 00001 0O 0.9 0.13 0 0.0 0.00
19 0.53 1 16 022 1 04021 0 1.7 015 0 0.0 0.01
20 0.53 4 20028 0 01006 1 110.22 0 0.2 0.05
21 0.57 0 22020 0 03013 1 2.00.21 0 0.1 0.05
22 0.58 1 22028 2 06028 0 1.8 0.10 0O 0.1 0.08
23 0.63 2 23026 1 07021 0 14 0.15 0 0.2 0.05
24 0.84 1 23025 0 00000 1 24032 0 02011
25 0.90 4 28046 0 0.1 008 0 13 0.5 0 0.2 0.07
26 0.94 4 32027 0 03018 1 22 0.26 0 0.2 0.08
27 0.95 3 32027 1 05027 0 24019 0 0.2 0.07
28 1.06 6 36 027 2 0.7 029 0 2.0 0.18 0 0.2 0.08
29 1.09 3 31042 2 06024 1 1.7 020 0O 0.1 0.09
30 1.10 4 35029 0 000.02 2 23029 0 0.3 0.09
Ave 0.46 1 18023 0 02010 0 1.2 0.14 0 0.1 0.04
+/- 0.33 2 09009 1 02010 1 0.7 007 0 0.1 0.03
Min 4.32E-02 0O 0.6 010 O 0.0 0.00 O 0.2 0.04 0O 0.0 0.00
Max 1.10 6 36046 2 0.7 029 2 24032 0 0.3 0.11

Constraints violated in 10 or more structures:
# mean max.1 5 10 15 20 25 30
0 violated distance constraints.
0 violated angle constraints.
Pairwise RMSDs for residues 1..45:
Mean global backbone RMSD: 4.31 +/- 0.82 A (2.23..6.56 A)
Mean global heavy atom RMSD: 4.53 +/- 0.92 A (1.86..6.37 A)

50 conformeers were calculated and an overview of 30 conformers with the
lowest target function values are presented. This overview file was generated by
DYANA (10).
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Figure 5.15 Ramachandran
plot for the calculated
ensemble of structures.

Each circle corresponds to ", %
values of a non-glycine residue
in all 30 conformers presented
in table 5.4. The regions are
colored from darker to lighter
shades of blue to represent
most favorable, additionally
favorable and generously
allowed respectively. The white
regions represent disallowed
regions. This plot was
generated by the program
DYANA (10).

Figure 5.16 Angle and distance constraints used in structure calculations.

For ", % a triangle pointing upward indicate torsion angle restraints for ideal ! -helix
and 350 helix while a triangle pointing downward represents ideal parallel or
antiparallel ' -strand torsion angle restraints. A star indicates conformation of both !
and ' secondary structure types. A circle marks restraints that exclude torsion angle
values of regular secondary structure elements. For & squares of decreasing sizes
indicate allowances for 1, 2 or all 3 of the staggered rotamer positions. Filled circles in
& indicate exclusion of all 3 staggered rotamer positions. Upper distance limits
(sequential, medium-range) are shown by horizontal lines connecting the residues
involved. The thickness of the lines for sequential distances are inversely proportional
to the squared upper distance bound. This plot was generated by the program
DYANA (10).
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Figure 5.17 Distribution of constraints used in structure calculations.
This plot was generated by the program DYANA (10).

Figure 5.18 Number of constraints for each amino acid residue.
Intraresidue: white, sequential: light grey, medium-range (i-j < 5): dark grey, long
range (i-j > 5): black. This plot was generated by the program DYANA (10).
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Figure 5.19 Ensemble of the 30 lowest target function value structures calculated by
DYANA. (A and B) Different views of the backbone overlay of 30 lowest target function value
conformers in wire frame. (C and D) Representations of A and B in sausage format. Both
graphical representations were generated by the program MolMol (16).

The following inputs to the structure calculation process will further aid in
the refinement of the structures:
a. Quantitative NOE®
The calibration of the NOESY cross-peak volumes by CALIBA does not account
for spin diffusion and hence are expressed as allowed ranges and not specific

distances. Spin diffusion is a result of higher mixing times when the NOE
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enhancement between 2 protons start perturbing the intensities of other
neighboring protons. As a consequence, the cross-peak volumes are not
representative of the true distance between these protons. The use of relaxation
matrix methods, which take spin diffusion into account, will allow for the
extraction of more narrow and precise distance ranges.
b. Additional torsion restraints
The program TALOS (15) will be used to generate additional torsion restraints
based on the chemical shift data collected.
c. Dipolar restraints
The residual dipolar coupling data, which can be extracted by orientation of the
complex in stronger magnetic fields, yields directional restraints for the **C - 'H
and N - 'H bond vectors. Inclusion of these restraints in the calculation process
will result in a much tighter bundle of structures generated.
d. Structure calculation for the complex

The structure determination for the complex will greatly reduce the
conformational space for the calculation of the bound ZNF29G29R structure. As
a result, the ensemble of structures for the bound protein will have a higher

convergence of their backbone traces as well as sidechains.

Conclusion
The bundle of conformers presented as the preliminary structures of the
RREIIBTR bound ZNF29G29R have acceptable values of target function values

and have no violations for the experimental constraints imposed. The quality of
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the structures, in terms of the convergence of the ensemble, will be improved by
refinement strategies mentioned earlier. The structure determination process did
not have a bias towards any desirable features in the conformation and was
mainly driven by distance restraints. This is supported by the fact that structure
calculations in the absence of either lower limits, zinc restraints or angle
constraints generated by the REDAC strategy, still produced ensembles that had
similar tertiary structural features. Thus this process was mainly driven by
distance restraints.

The RMSD values for the current set of conformers calculated with all
restraints is higher, but is not a true measure of the quality of the structure, since
some regions of the bound zinc finger may be genuinely mobile. These regions,
especially N15 B K19, may not show convergence even in the ensembles
calculated with further refinements, if experimental distance restraints cannot be
imposed. The internal mobility of these regions lends them larger linewidths and
lower intensities due to chemical exchange equilibrium between multiple
magnetic environments. The above-mentioned increase in peak linewidth is in
addition to contributions from transverse spin-spin relaxation (linewidth at half
peak height is inversely proportional to T,, the transverse spin-spin relaxation
time). As a result, NOE cross-peaks between two nuclei might be absent in
NOESY experiments even though they are within 5 ¢ of each other. Internal
motions also influence the correlation times, which in turn lead to errors in
distance constraints for detectable cross-peaks. In order to access whether the

non-convergence of the ensemble over a particular region of the protein structure
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is either due to the absence of restraints or due to internal motions, **C and °N
(backbone) relaxation rates for the bound ZNF29G29R will be determined.
Additionally, model free analyses can be used to obtain information about the
site-specific internal dynamics of the bound ZNF (17). The analysis is called
model free since the parameters derived are independent of any specific model
for internal motion. The NMR relaxation rates R; (spin D lattice), R, (spin B spin)
and heteronuclear NOE® (*C b 'H, *N B 'H) are sensitive to internal motions in
the subnanosecond timescales and will be determined for the bound ZNF. These
rates will then be used to obtain the order parameters (S?) and correlation times
((¢) to characterize the internal motions of the backbone bond vectors (*>N D *Hy,
3¢, b'H,) in the protein sequence (17). The order parameters (S?) are closer to
1 for rigid bonds or closer to 0 for isotropic motions and provide information
regarding the angular amplitude of internal motion of these bond vectors.
Nevertheless, the current conformers as well as NMR data provide
reasonable commentary on the bound ZNF29G29R in terms of the tertiary
structure, secondary structural elements as well as the hydrophobic core, as
detailed below:
1. The tertiary structural fold of the bound zinc finger is similar to the free zinc
finger, consisting of 2 strands (M1 - H6, C10 - F14) connected to a helical
element (R18 BR29). These 2 strands are connected by a turn constituted by the
residues F7 B N9, and represent a ' -sheet like element, which is connected to

the helical element by another turn (N15 B R17). The ", % angles calculated for
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the conformers currently does not allow us to strictly define these elements in

terms of ' -sheet, ! /3 helix or type I / Il turns.

2. The hydrophobic core geometry in the bound ZNF29G29R as well as zinc

coordination is very similar to that in the free zinc finger, consisting of C5, C10,

F14, L20, H23 and H27. The following evidence confirms the above statement.
a. The chemical shifts for the H23 and H27 ring protons do not change in
the bound protein. The H27 2H proton is shifted upfield due to ring current
effects of the H23 stacked above it. Since the local magnetic environment
effects chemical shifts, and the H27 2H proton chemical shift is
unchanged, H33 and H27 maintain their geometry in the bound form of the
ZNF. This can be evidenced more clearly in the overlay of the aromatic
spectral region of the 2D HSQC (**C *H) spectrum of the free and bound
protein (Figure 5.7). Furthermore, since the positioning of H23 and H27 in
the hydrophobic core is due to zinc coordination and the backbone
chemical shifts of C5 and C10 are almost unchanged in the bound
ZNF29G29R, we can conclude that the zinc coordination geometry in
the bound ZNF is the same as the free ZNF.
b. The overlay (Figure 5.7) also shows the upfield shifted 4H resonance of
F14, which is also a result of ring current effects of H23, since F14 4H
is positioned directly above it. Hence the large chemical shift
difference observed for the F14 (Figure 5.13) carbonyl atom may reflect

changes to the N15 posturing in the bound ZNF29G29R.
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c. NOE cross-peaks for L20 - F14 and L20 - H23 sidechains are observed
in the NOESY spectrum and have been used in the distance constraints
applied for structure calculation.
The only difference is the absence of Y3, for which NOE cross-peaks to other
residues mentioned above could not be assigned unambiguously in the NOESY

spectrum of the bound ZNF.
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Summation

The ''! framework of zinc finger proteins has served as a stable
framework for design of novel RNA binding proteins (1, 2). The protein,
ZNF29G29R, currently the ZNF with the highest affinity for RREIIBTR, has
shown similar consistency, as evidenced by studies presented in this
dissertation. The original 2-zinc finger construct that was designed by phage
display to target RREIIB, has been shown to function in an in vivo context by
LTR-CAT assays (1). It was also shown, that a major contribution to the binding
interaction was from the 2nd zinc finger in that construct (3), a slightly longer
version of ZNF29. It stands to reason that both ZNF29 and ZNF29G29R should
also function efficiently in targeting RREIIB specifically, within in vivo
environments. In addition, the compact architecture of a single ZNF will have its
advantages as it is sufficiently small to enter the nucleus by diffusion. The current
binding affinity of ZNF29G29R, despite improvement over its ZNF29 parent, is
not as efficient as the monomeric Rev protein (3). However, thermodynamic
binding studies of the ZNF29 mutants, especially ZNF29N21Q have shown
promises in further increasing the binding affinity.

The thermodynamic ITC studies of these mutants display trends that could
be explained by Dr. Alan Cooper® models (4). The determination of the specific
heat of binding of ZNF29 to RREIIBTR will provide further confirmation of this
model. We expect the specific heat of binding for ZNF29 b RREIIBTR to be
higher (more negative) than that of ZNF29G29R P RREIIBTR, as predicted by

this model (4). Also, preparations are currently ongoing to study the free energy
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of binding, of the mutant ZNF29H6A in the pH range 6.5 b 8.25, by ITC. We
expect the free energy of binding of this mutant to vary linearly over this pH
range, since it lacks the H6 residue.

We are also in the process of producing isotope labeled RREIIBTR, which
will allow us to assign unambiguously the identity of the new imino proton peaks
on ZNF binding. Furthermore, the use of isotope edited NMR experimental data
(5) from complex samples containing *C N RREIIBTR and unlabeled
ZNF29G29R will be used in the structure determination of the bound RREIIBTR

and finally the complex.
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APPENDIX A: Site directed mutagenesis primers

ZNF29 Protein sequence:

MVYVCHFENCGRSFNDRRKLNRHKKIHTR

ZNF29 DNA sequence:

Forward sequence

5(ATG GTC TAT GTG TGT CAC TTT GAA AAT TGC GGC CGT AGC TTC AAT
GAT CGT CGT AAA TTG AAT CGT CAC AAA AAA ATT CAC ACC CGT 30
Reverse sequence

5 OACG GGT GTG AAT TTT TTT GTG ACG ATT CAA TTT ACG ACG ATC ATT

GAA GCT ACG GCC GCA ATT TTC AAA GTG ACA CAC ATA GAC CAT 30

1. ZNF29HG6A primers

Forward primer
535CC GCA ATT TTC AAA AGC ACA CAC ATA GAC CAT 30
Reverse primer

5CATG GTC TAT GTG TGT GCT TTT GAA AAT TGC GGC 30

2. ZNF29H6K

Forward primer

5035CC GCA ATT TTC AAA TTT ACA CAC ATA GAC CAT 30



Reverse primer

5CATG GTC TAT GTG TGT AAA TTT GAA AAT TGC GGC 30

3. ZNEF29N15A
Forward primer
5-ATT CAATTT ACG ACG ATC AGC GAA GCT ACG GCC -3
Reverse primer

5'- GGC CGT AGC TTC GCT GAT CGT CGT AAATTG AAT -3

ZNF29D16A:

Forward primer

50ATT CAA TTT ACG ACG AGC ATT GAA GCT ACG GCC 30
Reverse primer

535GC CGT AGC TTC AAT GCT CGT CGT AAATTG AAT 30

The yellow highlighted triplets indicate the mutated amino acid.
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APPENDIX B: PROPKA Amino acid sidechain predictions

a. ZNF29
RESIDUE pKa pKmodel
ASP 16A 2.70 3.80
GLU 8A 450 4.50
C - 29A 330 3.20
HIS 6A 6.50 6.50
HIS 23A 9.17 6.50
HIS 27A 9.67 6.50
CYS 5A 464 9.00
CYS 10A 4.48 9.00
TYR 3A 10.00 10.00
N+ 1A 7.86  8.00
LYS 19A 10.50 10.50
LYS 24A 10.01 10.50
LYS 25A 10.50 10.50
ARG 12A 1243 1250
ARG 17A 1243 1250
ARG 18A 12.43 1250
ARG 22A 1250 1250
b. ZNF29G29R
RESIDUE pKa pKmodel
ASP 16A 3.31 3.80
GLU 8A 450 4.50
C - 29A 334 3.20
HIS 6A 6.50 6.50
HIS 23A 9.49 6.50
HIS 27A 955 6.50
CYS 5A 498 9.00
CYS 10A 2.13 9.00
TYR 3A 9.65 10.00
N+ 1A 7.72 8.00
LYS 19A 10.29 10.50
LYS 24A 1050 10.50
LYS 25A 10.50 10.50
ARG 12A 1250 1250
ARG 17A 1222 1250
ARG 18A 1250 1250
ARG 22A 1250 1250

ARG 29A 1250 12.50

The input files were 2AB3 and 2AB7 for ZNF29 and ZNF29G29R for the web
interface of the program PROPKA (http://propka.ki.ku.dk/~drogers/).
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APPENDIX C: ITC Thermodynamics Data

Protein RNA Changed Changed n Ka I'H 1S
Condition * | values * M* calmol™ | calmol* K™

ZNF29 RREIBTR 0.966 + 0.015 | 5.89E+06 + 6.71E+05 | -7609 + 137 5.40
ZNF29G29R | RREIIBTR 1.001 + 0.004 | 1.62E+07 + 3.09E+06 | -5298 + 92 15.18
ZNF29H6A RREIBTR 0.991 + 0.021 | 4.51E+06 * 6.72e+05 | -5401 % 135 12.33
ZNF29H6K RREIBTR 1.010 £ 0.017 | 1.05E+07 + 2.48E+06 | -4299 + 102 17.70
ZNF29R12A | RREIIBTR 0.991 + 0.020 | 1.86E+06 + 2.92E+05 | -6502 + 311 6.84
ZNF29N15A | RREIIBTR 1.035+ 0.015 | 3.69E+06 + 5.21E+05 | -7626 + 177 4.45
ZNF29D16A | RREIIBTR 0.984 + 0.015 | 2.61E+06 + 2.61E+05 | -7829 % 154 3.08
ZNF29N21A | RREIIBTR 0.980 + 0.017 | 4.31E+06 + 6.36E+05 | -6649 * 156 8.06
ZNF29N21Q | RREIIBTR 0.952 + 0.015 | 1.23E+07 + 3.53E+06 | -7712+ 217 6.58
ZNF28 RREIBTR 0.982 + 0.016 | 5.80E+06 + 2.03E+06 | -4895 * 164 14.20
ZNF29G29R | RREIIBTR _G50_2AP 0.930+ 0.019 | 4.77E+06 + 8.56E+05 | -7762 * 206 452
ZNF29G29R | RREIIBTR _G70_2AP 1.000 + 0.033 | 1.49E+06 + 2.67E+05 | -10140 + 454 -5.75
ZNF29G29R | RREIIBTR_G48_71 2AP 1.040 £ 0.016 | 3.09E+06 + 3.88E+05 | -4674 + 98 14

ZNF29G29R | RREIIBTR _G47_2AP 1.020 £ 0.019 | 3.30E+06 + 5.26E+05 | -4343 + 118 15.3
ZNF29G29R | RREIIBTR _C49U 1.070 £ 0.018 | 1.96E+06 + 2.18E+05 | -6071 * 136 8.43
ZNF29G29R | RREIIBTR _C69U 0.976 + 0.028 | 3.93E+06 + 9.60E+05 | -8560 * 323 1.46
ZNF29G29R | RREIIBTR Temperature | 288 K 1.050 + 0.024 | 1.51E+07 +6.75E+06 -1884 + 79 26.3
ZNF29G29R | RREIIBTR Temperature | 293 K 0.958 + 0.016 | 1.76E+07 + 3.95E+06 | -3435+ 68 21.4
ZNF29G29R | RREIIBTR Temperature | 303 K 1.080 £ 0.025 | 1.41E+07 + 3.14E+06 | -6604 * 143 10.9
ZNF29G29R | RREIIBTR Temperature | 308 K 0.915+ 0.022 | 7.92E+06 £1.71E+06 | -7705 % 194 6.56
ZNF29G29R | RREIIBTR pH 6.25 0.975+ 0.043 | 2.90E+06 + 6.98E+05 | -7017 + 410 6.03
ZNF29G29R | RREIIBTR pH 8.22 0.931+ 0.026 | 7.18E+06 + 1.87E+06 | -7076 * 234 7.64
ZNF29G29R | RREIIBTR Buffer, ACES | 10mM 0.925+ 0.044 | 1.19E+07 + 5.80E+06 | -6337 * 473 13.8
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Protein RNA Changed Changed n Ka I'H 1S
Condition Values M calmol™ | cal mol™ K™

ZNF29G29R | RREIIBTR NaCl conc 50 mM 1.010 + 0.018 | 3.00E+07 £1.30E+07 | -4581+ 131 18.8
ZNF29G29R | RREIIBTR NaCl conc 150 mM 0.987 + 0.013 | 3.15E+06 + 4.34E+05 | -4219 + 109 15.6
ZNF29 RREIBTR NaCl conc 50 mM 0.955+ 0.023 | 8.29E+06 + 2.41E+06 | -5906 + 194 11.8
ZNF29 RREIBTR NaCl conc 150 mM 0.947 + 0.021 | 3.22E+06 + 5.15E+05 | -4261 % 125 15.5
ZNF29G29R | RREIIBTR Anion,NaBr 100 mM 0.988 + 0.020 | 9.23E+06 + 1.55E+06 | -5576 + 138 13.145
ZNF29G29R | RREIIBTR Anion,NaF 100 mM 1.050 + 0.026 | 3.76E+06 + 7.69E+05 | -7715+ 253 4.21
ZNF29G29R | RREIIBTR Sucrose 0.2osm | 0.920+ 0.013 | 6.36E+06 + 9.10E+05 | -5732 % 106 12
ZNF29G29R | RREIIBTR Sucrose 0.6 osm | 0.921+0.018 | 4.02E+06 + 6.23E+05 | -6665* 176 7.86
ZNF29G29R | RREIIBTR Sucrose 1.00osm | 0.921+0.024 | 4.25E+06 +8.81E+05 | -6573 + 225 8.28

* The columns @hanged ConditionGand @hanged ValuesOrefer to the changes or added components in the buffer.

The buffer components are: 10 mM Sodium phosphate,100 mM NacCl, 200 uM " -Mercaptoethanol.
The pH for all experiments were adjusted to be ~ 7 £ 0.02 units except in the changed pH experiments.
All experiments were performed at 298 K except in the changed temperature experiments.

The equations used to calculate the data in chapter 4 from the tables above are as follows:

IG=IH-T!'S
| G = -RTIN(Ka)
R = 1.987 kcal mol* K
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