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Summary (150 words, 150 allowed)

Cys2-His2 zinc fingers are one of the most common types of DNA-binding domains.

Modifications to zinc-finger binding specificity have recently enabled custom DNA-binding

proteins to be designed to a wide array of target sequences. We present here a 1.96 Å structure of

Aart, a designed six-zinc finger protein, bound to a consensus DNA target site. This is the first

structure of a designed protein with six fingers, and was intended to provide insights into the

unusual affinity and specificity characteristics of this protein. Most protein-DNA contacts were

found to be consistent with expectations, while others were unanticipated or insufficient to

explain specificity. Several were unexpectedly mediated by glycerol, water molecules or amino

acid-base stacking interactions. These results challenge some conventional concepts of

recognition, particularly the finding that triplets containing 5’A, C, or T are typically not

specified by direct interaction with the amino acid in position 6 of the recognition helix.
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Introduction

The Cys2-His2 type of zinc finger domain represents an important class of DNA-binding

elements. Their usefulness in biology is indicated by the fact that there are more than 500 zinc

finger proteins that collectively contain nearly 5,000 of these domains in the human genome1.

Their relatively simple structure and binding mode have also proven useful for the engineering of

custom DNA-binding proteins2,3, which have recently led to the production of artificial

transcription factors and targeted endonucleases4-9. The intense interest in zinc fingers as specific

binding elements has led to a wealth of insights regarding their interactions with DNA, making

zinc fingers the best understood DNA binding protein. However, there remains no

comprehensive recognition code for these or any other DNA-binding protein. Even for designed

zinc finger proteins, the interactions that give rise to specificity are often poorly understood.

A single domain or “finger” consists of approximately 30 amino acids with a simple fold

stabilized by hydrophobic interactions and the chelation of a zinc ion between two histidines and

two cysteines10,11. These domains can be found in covalent tandem arrays of up to 37 repeats12,

facilitating recognition of extended DNA sequences. The polydactyl nature of zinc finger

proteins distinguishes them from many other DNA binding motifs that typically form homo- or

hetero-dimers, such as helix-turn-helix, bZIP, hormone receptors, and homeodomains13.

Presentation of the zinc finger -helix into the major groove of DNA allows for sequence

specific base contacts, with each domain typically recognizing three nucleotides. The first crystal

structure of a zinc finger protein bound to DNA, Zif268, suggested specific roles for each residue

in the recognition helix14,15. With respect to the start of the -helix, positions -1, 3, and 6

contacted the 3', middle, and 5' nucleotides, respectively, of the target strand (that is, the strand

containing the sequence that is considered to be the binding site for that protein). Positions –2, 1

and 5 were often involved in direct or water mediated contacts to the phosphate backbone.

Position 4 was typically a leucine, a highly conserved residue that packs in the hydrophobic core

of the domain. Position 2 has been shown to interact with other helix residues and DNA bases

depending on the helical and DNA sequences. Cooperative interactions between fingers in

Zif268 were limited. Although subsequent cocrystal-structures of natural and designed zinc

finger proteins would reveal more complex and cooperative recognition paradigms, many

individual zinc fingers were found to follow the same general pattern as Zif268 with regard to

the role of positions -1, 2, 3, and 616.



Structure of Aart Segal et al.

4

The unique properties of zinc finger domains led to the experimental manipulation of their

specificity2,17. In previous work, rational and combinatorial methods were used to modify

residues in the recognition helix. Starting with a wild type 3-finger protein, amino acids in

positions –1 through 6 of the central domain were randomized. Proteins that could specifically

recognize a new three-nucleotide subsite were selected by phage display, then optimized by site-

directed mutagenesis. To date, domains have been reported that bind with high affinity and

specificity to members of the 5’-GNN-3’, 5’-ANN-3’, and 5’-CNN-3’ sets of DNA triplets18-21.

The optimized domains can be modularly assembled into six-finger proteins, which have the

potential to recognize an 18-bp target site22,23. A site of this length should be unique in the

human genome, as well as all other known genomes.

One such six-finger protein is Aart, which was designed to bind an artificial (non-biological) A-

rich DNA sequence: 5’-ATG-TAG-AGA-AAA-ACC-AGG-3’20. This protein is an interesting

case study for zinc finger-DNA recognition for several reasons. Most zinc finger proteins bind

G-rich sequences, particularly those composed of 5’-GNN-3’ triplets. In fact, of the 65 structures

of zinc finger domains complexed with DNA in the Protein Data Bank, there are only eight cases

in which a 5’-A appears in the finger’s binding site, and only a single example in which the 5’-A

is recognized by an amino acid in position 616. There is only one case (appearing identically in

11 structures) in which a 5’-T appears in the finger’s binding site, and it is not recognized by the

amino acid in position 615. Aart provides five examples of domains designed to recognize 5’A,

and one to 5’T. Target site selection experiments were performed to determine if the expected

binding specificity would be observed in vitro
24. These experiments revealed that Aart actually

preferred binding to a more G-rich site (differences underlined): 5’-ATG-(G/T)AG-(A/G)GA-

AAA-GCC-CNN-3’. These results suggested that three of the five domains that had been

designed to recognize 5’A in fact preferred 5’G in the context of this particular protein. We were

therefore interested to understand the structural basis for these unexpected preferences.

Another unusual property of Aart is that it binds its DNA target with picomolar affinity, despite

the fact that all six fingers are joined by canonical linkers (TGEKP). Typically, six-finger

proteins with all canonical linkers bind with affinities in the nanomolar range22,23,25,26. Others

have suggested that affinity could be improved by using longer linkers between fingers 3 and 4
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(2x3 format) or between both fingers 2 and 3 as well as 4 and 5 (3x2 format)27-29. These

modifications are predicated on the hypothesis that canonical linkers do not allow successive

fingers to maintain proper register with the DNA bases, thus introducing a strain in the protein-

DNA complex that results in decreased binding energy. We were therefore also interested to look

for structural evidence of strain or misalignment in the six-finger Aart protein, or to understand

how Aart could avoid such strain.
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Materials and Methods

Overexpression, purification, crystallization, and native data collection have been described30.

The sequences of the Aart polypeptide and DNA used in the crystallization are given in Fig. 1a-

b.

Electrophoretic mobility shift assays:

Target oligonucleotides were labeled at their 5’ termini with [32P] and gel purified. Eleven 3-fold

serial dilutions of protein were incubated in 20 ml of binding reactions (10 mM Tris, pH7.5/90

mM KCl/1 mM MgCl2/100 M ZnCl2/1% BSA/5 mM DTT/0.12 g/ l sheared herring sperm

DNA (Sigma)/10% glycerol/1 pM target oligonucleotide) for 3 hr at room temperature, then

resolved on a 5% polyacrlyamide gel in 0.5x TBE buffer (90 mM Tris/65 mM boric acid/2.5 mM

EDTA, pH 8.3). Dried gels were exposed to XAR film (Kodak) for 48 hours. Quantification was

performed from scanned autoradiograms using ImageJ software (NIH). KD values are the

average of at least two independent experiments. The standard error of the measurements was

±50%.

Preparation of Aart/ DNA cocrystals:

Crystals of Aart and DNA were prepared as previously described30. Crystals of Aart bound to

brominated DNA, where the C5 methyl position of selected thymine nucleotides was substituted

with bromine (5-bromouracil), were prepared similarly. The brominated DNA was obtained

synthetically (Yale Keck Center) and purified as described30 using reverse phase HPLC. A total

of six unique subsituted oligonucleotides differing in number and position of the 5-bromouracil

bases were prepared and crystallized with Aart. MAD data (although using the zinc edge) was

collected using a crystal of Aart bound to brominated DNA with 5-bromouracil substituted for

thymine at positions marked with an X in Fig. 1b.

Diffraction data collection

MAD data collection using the zinc absorption edge was collected at Argonne National Labs

Structural Biology Center BL-19ID (Table 1). Data collection at three wavelengths was

performed, corresponding to the inflection, peak, and remote wavelengths. Exposures were 15

seconds, with 2° oscillations per frame. A total of 200° (100° and its inverse in phi) were

collected at the peak wavelength first, then 230° at the remote and inflection wavelengths. Lower

completion of the data set collected at the inflection wavelength is due to diminished diffraction

from the radiation damaged crystal. Native (non-brominated DNA) was collected at SSRL BL

1-5. All diffraction data was integrated, scaled, and reduced with HKL 200031.
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Structure solution and refinement

The program SOLVE32 was used to find and refine the zinc sites, as well as to calculate the

initial electron density map, which was subsequently improved using the program RESOLVE32.

The model was built by fitting the previously created homology model (using RCSB code

1AAY) into the clearly defined electron density, and subsequently refined to 2.6 Å against the

peak diffraction data set of the MAD data set using manual model rebuilding, simulated

annealing, temperature factor refinement, and positional refinement as implemented in CNS33.

The model was then refined against a high resolution data set of crystals of Aart to non-

brominated DNA, to 1.96 Å.

Structure analysis

The final 1.96 Å structure containing no bromouracil was used in the structural analysis. Helical

parameters of the DNA were determined using the program CURVES34 allowing for the

calculation of a bent helical axis. Superpositions were performed with the CCP4 program

LSQKAB35. The rotation angle of recognition helices relative to that of Finger 3 of molecule A

were calculated by first superimposing each finger onto Finger 3 using the triplet base pairs

recognized by that finger as well as the adjacent 5' (upper strand direction) base pair, and then

finding the rotation to superimpose the recognition helices (using alpha carbon atoms of residues

-1 to +11). The translation was also calculated from this superposition. The superpositions were

performed with recognition helices from the Aart structure as well as with 30 zinc fingers from

Protein Data Bank structures with RCSB codes: 1AAY, 1A1G, 1A1J, 1A1F, 1A1K, 1A1H,

1A1I, 1A1L, 1JK1, 1JK2, 1G2F, 1G2D, 1UBD, 1MEY, 2GLI, 2DRP, 1TF6, 1TF3.
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Results

Affinity of Aart for the designed and consensus DNA target sites

Aart was designed to bind to the target sequence 5’-ATG-TAG-AGA-AAA-ACC-AGG-3’ 20.

However, subsequent target site selection experiments showed that Aart actually preferred

binding to a more G-rich site (differences underlined), 5’-ATG-(G/T)AG-(A/G)GA-AAA-GCC-

CNN-3’24. We chose initially to solve the structure of Aart with 5’-ATG-TAG-GGA-AAA-

GCC-CGG-3’ (hereafter referred to as the consensus target site), to investigate the structural

basis for these unexpected preferences. Electrophoretic mobility shift assays performed with the

designed and consensus binding sites found only a slightly higher average affinity of Aart for the

consensus site (90 pM and 50 pM, respectively). Raw data for this assay can be found in the

Supplementary Information (Fig. S1).

Overall structure of Aart bound to DNA

Refinement statistics of the Aart/DNA complex are given in Table 2, with the

crystallographic R factor of the final model of 20.3% and Rfree of 24.9%. A ribbon diagram of

one Aart polypeptide bound to one DNA duplex is shown in Fig. 2a, and an example of a

simulated annealing Fo-Fc omit map is shown in Fig. 2b. The asymmetric unit contains two

complexes of Aart (molecules A and B) bound to DNA (chains C,D and E,F). All 22 nucleotides

of the four strands of DNA are visible, as well as all six zinc fingers, although selected residues

of the protein chain including in chain A 1-30, 45-47, 185-190, and in chain B: 1-19, 158-172

(the linker between Fingers 5 and 6), and 179-190 are not. The RMSD of the superposition

using the alpha carbons of the polypeptide chains of the two molecules of Aart, A and B, are

shown in Fig. 2c (blue line) plotted per residue. The refined Debye-Waller Temperature or B

factors for alpha carbon atoms of chains A and B, are also shown in Fig. 2c (solid red line, chain

A, dashed red line, chain B). Similarly, the RMSD for the superposition of all atoms of the DNA

strands, chains C and E (blue solid line), and chains D and F (lower strands, dashed blue line) is

shown in Fig. 2d. The B factors averaged all atoms of each nucleotide for all four DNA strands

are also plotted in Fig. 2d. The RMSD and B factors are lowest in the middle residues or

nucleotides of each chain, indicating the greatest order at these locations.
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Recognition helix orientations

The orientations of the recognition helices of the six zinc fingers of Aart, relative to bound

DNA, were compared. First, the triplet DNA recognized by each finger, along with a

neighboring base pair (5' using the upper strand direction), were superimposed onto those of all

other fingers. The neighboring base pair was included since each recognition helix anchors to the

DNA via a histidine to phosphate contact at this base pair. Next, the relative positions of the

recognition helices were compared. The recognition helix of Finger 3 was found to be the most

consistent with the others, and therefore was used as the reference position. The overall RMSD

using alpha carbon atoms from each recognition helix and those of Finger 3, following the

superposition of DNA, range from 0.2 to 2.0 Å, but show no systematic trend in displacement

from one end of the helix to the other (data not shown).

Next, the rotation and translation required to superimpose the recognition helices onto that of

Finger 3 were calculated. Fig. 3a plots the rotation angle required for the superposition for each

finger, and Fig. 3b plots the translation. Translations of the centers of mass (COM) vary from 0.1

to 2.3 Å, and rotations from 2° to 16°. The rotation and translation of helices from 30 examples

of C2H2 zinc fingers were also calculated and shown in Fig. 3c (red circles) to compare with

those of Aart (blue diamonds).

DNA recognition in Aart/DNA

The contacts predicted and used in the original design of Aart are shown in Fig. 4a. Triplets are

identified as F1-F6, and correspond to the three base pairs of DNA recognized by zinc Fingers 1-

6 of Aart. Fig. 4b represents the results from the CAST (cyclic amplification and selection of

targets) assay used to determine the actual sequence preference of Aart. An alternative

representation of this data is offered in the Supplementary Information. Fig. 4c summarizes the

observed contacts between Aart and DNA in the Aart/DNA structure. Distances between the

specific atoms of the protein side chains and DNA bases can be found in the Supplementary

Information (Table S1), and includes information from both independent copies in the

asymmetric unit. Fig. 5 and 6 show stereo diagrams of these contacts for each finger. Most of the

contacts occur between Aart and the upper strand in the duplex DNA, therefore the position of a

base pair within a triplet is denoted relative to the upper strand, as 3', middle, or 5'. Some

contacts do occur to the lower strand, typically from position 2 on one recognition helix and the

base-pairing partner of the 5' base pair of a triplet recognized by a neighboring zinc finger.
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Finger 1

Finger 1 of Aart contains the sequence RSD-H-LAE in positions -1 to 6 of its recognition helix

at residues 33-39 (Fig. 1a), and was designed to recognize the 3'-GGA-5' triplet (upper strand) in

DNA. However, it was found by CAST to specify 3'-NNC-5' (where N indicates any base) (Fig.

4b). The triplet sequence used in the crystal structure is 3'-GGC-5' in the upper (U) strand, and

5’-CCG-3’ on the opposite or lower (L) strand, numbered U19-U21/L3-L5. Figure 5a shows the

side chain-base contacts between Finger 1 and DNA in the Aart/DNA molecule A. Position -1 of

the recognition helix, R33, is within hydrogen bonding distance to the O6 and N7 of Gua U21

(2.8 Å, 2.8 Å in molecule A, 2.8 Å, 2.8 Å in molecule B), the 3' nucleotide of the first DNA

triplet 3'-GGC-5' (Fig. 4c, 5a), despite the fact that the CAST data shows no specificity at this

position. The electron density for the side chain of R33 is very poor indicating disorder in

molecule A; the poor order may be related to the observed lack of specificity (see below). The

side chain of D35 hydrogen bonds to R33 in the expected way, which appears to aid in orienting

the arginine side chain. The epsilon nitrogen of H36 (helix position 3) is predicted to recognize a

G in the middle position of the triplet, but CAST analysis shows virtually no specificity at this

position. In one side chain orientation, the epsilon nitrogen of H36 is within hydrogen bonding

distance (2.8 Å in molecule A, 2.8 Å in molecule B) of the Gua U20 N7, the middle nucleotide

in the 3'-GGC-5' triplet. In this orientation, it is too far (3.7 Å in molecule A, 3.5 Å in molecule

B) from the O6 of this base to form a hydrogen bond. If the side chain were flipped from the

currently modeled orientation, the epsilon nitrogen would be in a position to hydrogen bond to

the O6 of Gua U20, however, the distance between these groups is 3.4 Å, making for a weak

hydrogen bond. Therefore side chain orientation has been chosen to allow the more optimal

hydrogen bond to the N7. In addition, this orientation allows the delta nitrogen of H36 to

hydrogen bond to the side chain of E39 (molecule B only, the E39 side chain is disordered in

molecule A). No direct contacts to the 5' nucleotide of the triplet are visible, however, the side

chain of K63 (position 2 of the neighboring helix) makes a hydrogen bond to the N7 of Gua L5

in molecule A. Electron density is absent for the terminal amine and methylene group of the side

chain in molecule B. The absent electron density indicates that this side chain samples multiple

conformations, and could spend part of the time contacting the O6 of Gua L5.
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Finger 2

Finger 2 contains the sequence DKK-D-LTR in positions -1 to 6 of its recognition helix,

residues 61 to 67 in Aart, and was designed to recognize the triplet 3'-CCA-5', however, CAST

analysis indicates the preference for 3'-CCG-5'. The sequence 3'-CCG-5' in the upper (U) strand

and 5'-GGC-3' in the lower (L) strand was used in the crystal structure (U16-U18/L6-L8). The -1

position of the recognition helix, D61, was expected to contact the 3'C, Cyt U18, however, no

side chain density is evident for D61 in molecule A, and the side chain is 5.6 Å from the N4 of

Cyt U18 in molecule B. Instead, a water molecule bridges the D61 side chain and the N4 of Cyt

U18. Further, the water molecule is also hydrogen bonded to D64. If both D61 and D64 are

ionized, then both will be accepting hydrogen bonds from the water, leaving it with the capacity

to only donating hydrogen bonds. This could, in principle, provide specificity for the N4 of Cyt

U18. The middle nucleotide, Cyt U17, was expected to be contacted by the position 3 residue,

D64. The D64 side chain atoms OD1 or OD2 are 3.2-3.5 Å from its N4 in both molecules A and

B. This distance is slightly longer than that of an optimal hydrogen bond (2.6-3.3 Å). The

arginine at position 6 of the recognition helix, R67, was predicted to make direct hydrogen bonds

to the base pairing partners of the middle and 5' nucleotides, thereby contributing to the

specificity for C at the middle and A at the 5' nucleotide20. The CAST analysis does show

specificity for C at the middle position by Aart, however, shows G rather than A at the 5'24. The

structure of Aart bound to DNA shows R67 making direct contacts to both the N7 and O6 of the

5' G, Gua U16, explaining the preference for G. R67 also contacts Gua L7, the base pairing

partner of the middle nucleotide, however, the contact is water mediated.

Finger 3

Finger 3 contains the sequence QRA-N-LRA in positions -1 to 6 of the recognition helix, at

residues 89-95 of Aart, and was expected to recognize the triplet 3'-AAA-5', as it was indeed

found by CAST analysis to do. The crystal structure contains 3'-AAA-5' in the upper (U) strand

and 5'-TTT-3' in the lower (L) strand at positions U13-U15/L9-L11, respectively. Position -1 of

the recognition helix was predicted to contact the 3' A, Ade U15, as it does; Q89 contacts the N6

and N7 (2.9 Å, 3.1 Å in molecule A, and 3.0 Å, 3.0 Å in molecule B), explaining the specificity

for A in the 3' position (Fig. 5c). The middle position was predicted to be specified as an

adenine, and indeed was borne out by the CAST analysis. Aart residue N92, position 3 of the

recognition helix, makes the predicted contacts to the N6 and N7 of the middle A, Ade U14 (3.1
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Å, 3.0 Å in molecule A, 3.1 Å, 3.1 Å in molecule B). A91 (position 2 of the recognition helix)

was predicted to make a van der Waals contact to the base pairing partner of the 3'A, Thy L9,

and we find its methyl group is 4.1 Å (4.0 Å in molecule B) from the 5'methyl. Finally, previous

studies found this domain to be able to specify 5’A; however, the mechanism of the specificity

was not clear 20. No direct contacts were predicted to occur to the 5' A, Ade U13, or its base-

pairing partner, Thy L11. CAST data confirm a strong preference for A. The structure reveals

two contacts to Thy L11: a water mediated contact to Q117 (position -1 of Finger 4) to the O4,

and a hydrophobic contact between the methyl of A119 (position 2 of the adjacent zinc finger) to

the 5'methyl (3.5 Å in molecule A, 3.7 Å in molecule B). The leucine residue at the 1 position of

the adjacent finger, Finger 4, was suspected of making a contact to the thymine at L11, or even

L1016, however, we find that it is pointing away from the DNA and its gamma carbon is 7.4 Å

and 7.8 Å (of molecules A and B, respectively) from the 5'methyl groups of these nucleotides.

Additional electron density too large for individual water molecules was successfully modeled as

glycerol. The glycerol molecule fits snugly between the protein and DNA interface (Fig. 4, 5a,

7a) with its hydrophobic backbone 3.8 Å from the methyl group of A95, and the three hydroxyl

groups making hydrogen bonds with the O4 of Thy L10, N6 of Ade U14, N6 and N7 of Ade

U13, and the amide oxygen of the side chain of N92. The positioning is identical in the two

independent copies of the Aart/DNA complex. A similar interaction between a glycerol

molecule and the Aart/DNA complex occurs at F4.

Finger 4

Finger 4 contains the sequence QLA-H-LRA in the -1 to 6 position of the recognition helix,

residues 117-123 of Aart, and was designed to recognize the sequence 3'-AGA-5', however,

CAST analysis shows that it prefers 3'-AG(A/G)-5'. The sequence 3'-AGG-5' in the upper (U)

strand and 5'-TCC-3' in the lower (L) strand was used in the crystal structure at nucleotides U10-

U12/L12-L14, respectively. Q117 at position -1 of the recognition helix contacts the N6 and N7

of the 3'A, Ade U12 (2.9 Å, 2.9 Å, molecule A, 2.9 Å, 2.9 Å in molecule B), as expected (Fig.

6a). The methyl group of A119, the position 2 residue, was predicted to make a van der Waals

contact to the 5' methyl of Thy L12, the base-pairing partner of the 3' nucleotide of the 3'-AGG-

5' triplet, however we find this distance long (4.7 Å in molecule a, 4.9 Å in molecule B, van der

Waals distance is about 3.8-4.0Å). H120, position 3 of the recognition helix, was predicted to

contact the middle G, and indeed contacts the O6 of Gua U11, (3.0 Å and 3.1 Å in molecules A
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and B, respectively) the middle nucleotide of 3'-AGG-5', explaining the CAST specificity for G.

The epsilon nitrogen of H120 is also within hydrogen bonding distance from the N7 of Gua U11

(3.1 Å in both copies). The CAST analysis indicates a specificity of G/A for the 5' position;

D147, position 2 of the neighboring finger, contacts the N4 of Cyt L14, (2.9 Å and 2.9 Å in

molecules A and B respectively) as was predicted. A glycerol molecule was successfully

modeled into the electron density at the protein-DNA interface near the middle and 5' base pairs

(Fig. 4c, 6a, 7b). Its orientation and interactions at this interface are very similar to those of a

glycerol molecule at F3, and is the same in both independent copies of the Aart/DNA complex.

The hydrophobic backbone of the glycerol molecule is in van der Waals contact distance from

the side chain of A123, and the hydroxyl groups hydrogen bond to the N4 of Cyt L13, O6 and

N7 of Gua U10. Each hydroxyl of glycerol can accept two, but donate only one hydrogen bond,

therefore, in contrast to the glycerol molecule found in Finger 3, the glycerol in Finger 4

hydrogen bonds to the O6 position of only one of the two neighboring purine bases at the middle

and 5' position (Fig. 7b). In Finger 3, the glycerol hydroxyl can accept two hydrogen bonds and

therefore contacts both N6 groups of the neighboring adenines (Fig. 7a).

Finger 5

Finger 5 contains the sequence RED-N-LHT in the -1 to 6 position of the recognition helix,

residues 145-151 of Aart, and was designed to recognize the sequence 3'-GAT-5'. CAST analysis

shows the specificity at these positions as 3'-GA(G/T)-5'. The sequence 3'-GAT-5' was used in

the upper (U) strand and 5'CTA-3' in the lower (L) strand at U7-U9/L15-L17. The -1 position of

the recognition helix, R145, contacts the O6 and N7 of the 3' nucleotide (2.8 Å, 2.9 Å and 2.7 Å,

2.9 Å in molecules A and B, respectively), Gua U9, as predicted (Fig. 6b). D147, position 2 of

the recognition helix, contacts the R145 side chain to orient/stabilize it in the expected manner.

Position 3 of the recognition helix, N148, hydrogen bonds to the N6 and N7 of Ade U8 (3.1 Å,

3.0 Å and 3.4 Å and 2.9 Å in molecules A and B, respectively). No direct contacts are visible to

the 5' nucleotide, however, D175, at position 2 of the neighboring finger, is 3.0 Å and 3.2 Å from

the N6 of Ade L17 in molecules A and B, respectively. We also find that the base of Thy U7

appears to be stacking onto the side chain of N148.

Finger 6

Finger 6 contains the sequence RRD-A-LNV in the -1 to 6 position of the recognition helix,

residues 173-179 of Aart, and was designed to recognize the triplet 3'-GTA-5'. CAST analysis
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shows the expected specificity of 3'-GTA-5', and 3'-GTA-5' in the upper (U) strand and 5'-CAT-

3' in the lower (L) strand, were used in the crystal structure at nucleotides U4-U6/L18-L20. The

position -1 residue of the recognition helix, R173, contacts the O6 and N7 of Gua U6, the 3'

nucleotide of the 3'-GTA-5' triplet in both molecules (2.7 Å, 3.0 Å, molecule A, 2.9 Å, 3.1 Å,

molecule B). The side chain of A176, position 3 of the recognition helix, closely approaches the

5-methyl group of the middle base of this triplet, Thy U5 (4.1 Å and 4.8 Å, in molecules A and

B, respectively, although this portion of molecule B exhibits poor electron density). In addition,

an unusual DNA conformation is seen where the middle nucleotide, Thy U5 stacks onto the

R173 side chain. The 5' nucleotide, Ade U4, stacks onto the Thy U5 and continues the helical

stacking on the 5' side. No direct contacts are made to the 5' base, Ade U4 or its base pairing

partner, Thy L20.

DNA conformation

The overall bend angles in the two duplexes, as calculated by the program CURVES, are 13°

and 14°. Bend angles range from 0.4° to 5° throughout the duplex, at each base step, resulting in

the relatively even distribution of bending. Bending by roll angle varied from -3° to 8° degrees,

with the greatest bends occurring in F1, F2, and F6.

Helical parameters for the two Aart bound duplexes are given in Table S2 of the

Supplementary Information. These were compared to those for DNA bound to other zinc finger

structures found in the protein data bank. The values for slide between adjacent base pairs found

in F2 were notable in that they were significantly more negative (-2.25) than even the most

negative found in the other zinc finger bound DNA molecules (-1.5). The inclination of the base

planes at these base pairs is also strikingly negative (-6.4) as compared to that of the rest of the

Aart DNA and the other zinc finger bound DNA.

The standard values of inclination are 2.4° for B form and 12° for A. Inclination is the angle

that the base pair plane makes with the plane normal to the DNA helical axis, rotated about the

base pair plane short axis. The base pair planes are relatively perpendicular to the helical axis in

B form, but very tilted in A. The average inclination values are 3.1° and 3.4° the two Aart

bound duplexes, thus exhibiting overall B form character. However, the values vary between -

5.7° and +8° at each base pair. As far as individual base pair detail, the most negative values

occur in F2. The overall helical twist values for the duplexes bound to molecules A and B are
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32.8° and 32.5°, respectively. The standard values for A and B forms are 32.7° and 36.1°,

respectively. Therefore, in terms of helical twist, the DNA bound to Aart looks more like A, than

B form DNA. This intermediate, but unique, conformation of zinc finger bound DNA has been

previously described36. Over 18 base pairs, the DNA is under-wound relative to B form DNA a

total of 64° to 70°. Modeling has shown that the unwinding of the duplex is necessary to fit the

adjacent recognition helices of multi-finger zinc finger proteins into the major groove15.
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Discussion

Expected vs. observed contacts leading to recognition

Figure 4a-c illustrates expected contacts (Fig. 4a), measured Aart specificity (CAST analysis,

Fig. 4b), and contacts observed in the crystal structure of Aart bound to DNA (Fig. 4c). The

expected contacts of Fig. 4a are derived from the phage display results and modeling19,24 , while

figure 4b illustrates the experimentally determined specificity of Aart24. Figure 4c shows the

hydrogen bonds (red or black lines), van der Waals (red or black lines with VDW, also glycerol

(gol) to alanine black line), and water mediated contacts (wat) found between Aart and the DNA.

The colored boxes (green, yellow, blue and red) represent different types of protein-DNA

contacts. A green box indicates that the expected specificity was found in the CAST assay (Fig.

4b) and also the expected contacts are observed in the crystal structure. Yellow indicates weak

specificity found in the CAST assay, and the structure provides an explanation for this. Blue

indicates either unexpected specificity found by the CAST assay, or unexpected contacts found

in the structure, where contacts exist which explain the observed specificity. Finally, red

indicates specificity determined by the CAST assay however no contacts are observed between

Aart and the DNA which can explain the observed specificity. Some positions are not identified

with colored boxes despite the existence of contacts between Aart and the DNA; in these cases

the contributions of these contacts to the specificity is unclear.

Contacts that give rise to specificity generally involve the donation or acceptance of hydrogen

bonds to the base edges in such a way that could only occur with one of the four base types37,38.

Hydrophobic contacts to the 5-methyl group of thymine are also commonly observed in

sequence specific DNA binding proteins. Contacts between Aart and the DNA that were

predicted, and which explain the observed specificity, occur at nine nucleotides (green, Fig. 4c).

Three other contacts between Aart and the DNA that may also give rise to expected specificity,

and were predicted, were found with distances between the side chain and base atoms longer

than expected (Fig. 4c, green boxes, red lines, A119 and Thy L12, D64 and Cyt U17, A176 and

Thy U5). The fact that the distances between potentially interacting groups is found to be longer

than expected could be due to (in some cases) coordinate error (0.2 Å presently). Another

possibility is that the crystallization process has frozen out one of several conformers of the

protein-DNA complex; however in solution, the groups might actually be within the optimal

contacting distance some fraction of the time. In the case of hydrophobic groups, the van der

Waals contribution to interaction energy falls off as 1/R6, where the contribution, although
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diminished, could still be realized even though the distance is longer than optimal. In addition,

the burial of these groups from water is expected to be favorable. Therefore, the energetic

consequences to the affinity and specificity of the Aart/DNA complex in the cases of 'long

contacts' (red lines in Fig. 4c) are expected to be favorable but are less conclusive than those

with optimal contact distances. All twelve positions of the expected contacts with expected

specificity (green boxes, Fig. 4c) involve the 3' or middle nucleotide of the triplet on the upper

strand, or the lower strand 3' or 5' triplet position. None occur in Finger 1, and none occur to the

5' position on the upper strand.

There are two positions where the expected specificity is not observed, or is weak, and where

the structure of Aart bound to DNA provides some explanation (yellow, Fig. 4c). The CAST

data shows that the expected specificity at the 3' and middle base pairs of F1 are not observed;

rather, very little specificity occurs at these positions (Fig. 4b). The structure shows the expected

contacts between R33 and the 3' nucleotide, as well as a contact from H36 to the middle G. This

latter contact is to the N7 of the G, and therefore would specify either G or A. These contacts

would predict the specificity of Aart for 3'-G(G/A)-5' at the 3' and middle of F1. One reason for

the observed lack of specificity may be related to the observed poor order of the Finger 1

residues. As described above, the temperature factors are largest at these residues, and the

RMSD between structures also highest. In addition, the side chain electron density for R33 is

almost non-existent in molecule A. Poor ordering of atoms within a crystal structure is due to

positional heterogeneity. Therefore, the observed lack of specificity at the 3' and middle

positions of the F1 triplet could be due to poor overall binding of this region to the DNA, and

consequently multiple conformations of the protein at the protein-DNA interface, and poor

ordering in the crystal structure. Indeed, CAST data obtained from a number of proteins suggest

that the F1 position of zinc finger proteins have more liabilities with respect to specificity than

other fingers24.

A third class of contacts are colored blue in Fig. 4c, and these include positions where either

the expected specificity is indicated by the CAST assay and unexpected contacts are found in the

crystal structure explaining the observed specificity, or the specificity was unexpected and

contacts are found explaining the observed specificity. Such contacts occur at the 3' of F2, and

the 5' positions of F2, F3, and F4. Specificity for C at the 3' of F2 was expected from the design,

and although not as specific as other sites, the CAST results do show specificity for C over other

nucleotides. Modeling suggested that the side chain of D61 (position -1 of the recognition helix)
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might interact with the cytosine base edge, however, the structure shows that this side chain is

too distant for direct hydrogen bonding. Instead, a water molecule appears to mediate the

interaction between D61 and Cyt U18. The same water is also hydrogen bonding to the side

chain of D64 (position 3 of the recognition helix). If both carboxylates of D61 and D64 are

deprotonated, they will only be able to accept hydrogen bonds, and the water molecule would be

oriented such that it could only accept hydrogen bonds from the base edge at the 3' position.

Only cytosine and adenine have hydrogen bond donors in the major groove. If the molecule

were positioned to interact optimally with cytosine, then the observed specificity for C would be

explained by this interaction. A C at the 3' position of a triplet is found in four other cases, two

of which appear to be recognized by an aspartic acid at the -1 position of the recognition helix

(DSNR-F1, PDB code 1A1F39, and GLI-F5, PDB code 2GLI). In two other structures (GLI-F4,

PDB code 2GLI, RADR-F1, PDB code 1A1K39), no contacts to the zinc finger protein are

visible.

A second contact in this class occurs at the 5' of F2. Aart was predicted to specify an A,

although CAST indicated a preference for G. The structure shows R67, position 6 of Finger 2,

hydrogen bonding to the N7 and O6 of Gua U16, at the 5' position of F2. Although this observed

interaction could be considered ‘expected’ for an arginine in position 6 based on previous

structural observations, previous studies showed this domain to have very good specificity for

5’A20. It should be noted, however, that the binding affinity to the designed site is similar within

error to binding to the consensus site.

Another unexpected contact which explains Aart specificity occurs at the 5' position of F3.

Previous studies determined this domain had moderate specificity for 5’A, although the

mechanism was not clear20. The methyl group of the alanine in position 6 was anticipated to be

too far from the 5’ base for interaction, and no other interactions could be rationalized. The

crystal structure shows an unexpected contact of the 5-methyl group of Thy L11 to the methyl

group of A119, a residue from the recognition helix of the neighboring finger. A water mediated

interaction occurs between Q117 and Thy L11, although the contribution to specificity is

unclear. In addition, a glycerol molecule was found hydrogen bonding to the 5'A of F3, and may

influence specificity (see below).

L118 (position 1 of Finger 4) did not appear to have any interaction with Thy L11 or any

other base in Aart, in contrast to the structure of protein TATAZF
16. Aart and TATAZF are the
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only designed zinc finger proteins for which CAST analysis showed robust recognition of 5’A

and structural information is available. Despite the similarities of their recognition sequence in

this region, L75 in TATAZF is oriented towards the bases while L118 in Aart adopts a more

traditional orientation away from the bases. Such examples illustrate our lack of predictive

ability even in well-defined cases that are structurally similar. The structural features underlying

these differences deserve greater study.

CAST indicates the specificity for G or A at the 5' upper strand nucleotide of F4 (Gua U10).

D147, position 2 of the neighboring finger, is within hydrogen bonding distance of the N4 of the

base pairing partner of the 5' nucleotide of F4. We find a similar contact to the N6 of Ade L17

(base pairing partner of 5' nucleotide of F5, Thy U7) from D175, position 2 of Finger 6. The

influence of aspartate in position 2 on the neighboring base, referred to as target site overlap, has

been well studied40. In the structure of protein Zif26815, aspartates in position 2 of Fingers 2 and

3 contact the extracyclic amines of A or C on the lower strand of the neighboring site, analogous

to the arrangement of D175 and Ade L17 in Aart. Consequently, T or G is specified as the 5’

base on the upper stand of the neighboring site41. CAST data for Aart show T and G are the most

frequently specified 5’ bases in the F5 subsite (Fig. 4b), consistent with this explanation.

However, in addition to the target site overlap at the 5' of F4, the upper strand base is also

contacted by glycerol, which may affect specificity (see below).

The last group of nucleotide positions, colored red in Fig. 4c, are those in which the observed

specificity is difficult to explain from the structural data. Two positions are found in this

category: the 5' of F1 and the 5' of F6, Ade U4. Aart was predicted to specify an A at the 5'

position of F1, however, CAST indicated a preference for C. In principle, the preference for C

can be rationalized by a direct interaction with E39 at position 6. However, the E39 carboxylate

oxygens are 5.1 Å from the N4 of Cyt U19 and thus beyond hydrogen bonding distance. In fact,

no contacts are visible to the 5' nucleotide of the upper strand, however in molecule A the side

chain of K63 (position 2 of Finger 2) is within hydrogen bonding distance to the N7 of Gua L5,

its base pairing partner. In molecule B, the last two atoms of the K63 side chain are disordered.

A contact to the N7 could provide specificity for a purine at this position, although the flexibility

of a lysine side chain suggests that it could accommodate also the O4 of a thymine, and if

uncharged, the N4 of cytosine. Thus the expected specificity of the F1 5' position would be any



Structure of Aart Segal et al.

20

base C, T, A or G. The origin of the apparent preference for C is not clear. Within other

structures, two examples of C in the 5' position exist. In one (GLI-F4, PDB code 2GLI42) it is

contacted by an aspartic acid at position 3 of a recognition helix, although the docking

orientation of this helix is non-canonical. In the other case (YY1-F4, PDB code 1UBD43), no

contacts to the protein are visible.

The other position of irreconcilable specificity occurs in the 5' position of F6. CAST data

indicate a preference for A at this position. However, no contacts are seen between Aart and Ade

U4 or its base pairing partner, Thy L20. The base step between the middle and 5' base pairs

possesses a very low twist (29°). Within the structural database only two occurrences of adenine

at the 5' position exist (TATAZF F2 in PDB codes 1G2F and 1G2D16) which are the same triplets

having T at the middle position. The step between the middle and 5' positions in these structures

also possess low twist (29.6° and 28.5°).

At the 5' of F5, we also found that Thy U7 stacks on top of N148. In Zif268, a similar

interaction occurs with the 5’ thymine stacking onto the histidine at position 3. This was

recognized by the authors14,39 as possibly contributing to the preference for thymine44. The Thy

U7-N148 stacking interaction in Aart may therefore additionally contribute to the observed

specificity (Fig. 6b). Similarly, the thymine at the middle position of F6 appears to stack onto the

side chain of R173 (Fig. 6c). Such a contact was predicted45 and may contribute to the

specificity at this position. Only two other structures provide examples of a thymine in the

middle triplet position (TATAZF F2 in PDB codes 1G2F, and 1G2D16). In both cases a glutamine

is found at the -1 position of the recognition helix. Inspection of the structures also shows

considerable stacking of the thymine onto the -1 position side chain. Again, further investigation

of the Aart interactions is required. An intriguing possibility is that indirect readout is occurring

at these positions, but this will require further investigation.

The role of glycerol

A surprising finding was the presence of molecules of glycerol at the protein-DNA interface

at the 5' positions of F3 and F4. The molecule is oriented in exactly the same way at both

positions (and in the other molecule of the asymmetric unit). It makes hydrogen bonds to the 6

(O in Gua and N in Ade) and N7 positions of the purine bases Ade U13 and Gua U10, as well as

to the 4 position of the base pairing partner (Fig. 7). In the case of the glycerol molecules at Ade

U13, hydrogen bonds are also made to the middle base of the triplet, Ade U14, and the amino
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acid side chain contacting that base, N92. In all cases, the carbon backbone of the glycerol

molecules make van der Waals contacts to the methyl group of an alanine at position 6 of the

respective recognition helices, namely A95 and A123. Glycerol (30% final) is used in preparing

the crystals for flash freezing, just before diffraction data collection. Although glycerol was not

added to the phage display experiments, polyethylene glycol, or possibly the dried milk used in

the assay may conceivably contain glycerol or a similar small molecule. Of course, it is readily

possible that glycerol may displace water molecules normally present at the parts of the protein-

DNA interface, and its presence in the structure is merely an artifact of the crystal preparation.

In addition, we have no data, at this time, indicating whether or not the observed glycerol at the

protein-DNA interface in the crystal structure is present in the binding studies or if it contributes

to recognition. However, the presence of a short hydrophobic side chain at the 6 position of the

recognition helix leaves a cavity at the protein-DNA interface and appears perfectly suited to

stabilize a molecule such as glycerol. Given the two different sequences contacted by glycerol in

F3 and F4, one where the preference is A,A at the middle and 5' positions and another where it is

G,A/G, it may be possible that the glycerol is involved in specifying purine bases at these

positions. In addition, the target site overlap of an aspartic acid from position 2 of one finger to

the base pairing partner of the 5' position of a preceding triplet is believed to specify either G or

T in the upper strand position. Such appears to be the case in F5, however, the 5' of F4, where

glycerol binds, shows specificity for either G or A, and has the same target site overlap. The

difference may derive from the interactions with glycerol in this position. The interactions of a

small molecule like glycerol at the protein-DNA interface can serve as a model for drug

mediated DNA recognition or zinc fingers to be used as sensors of small molecules.

Rethinking recognition of the 5’ base.

It comes as little surprise that the existing dataset is most sparse concerning interactions the 5'

position, and that interactions at this position are atypical. The 5' base is difficult to contact by

side chains from the recognition helix, since the recognition helix is more distant from the DNA

at this end of the triplet. This was shown most convincingly by the use of the artificial amino

acid, citrulline46. Citrulline contains the same hydrogen bond donors and acceptors as glutamine,

but has the same side chain length as arginine. The long side chain of arginine at position 6 is

long enough to contact the DNA, however recognizes exclusively G at the 5' position. Citrulline

in position 6 was able to specify 5’A, while glutamine could not. (An exception to this is found
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in F2 of TATAZF* (PDB code 1G2D), in which Q(6) is able to hydrogen bond to 5’A12. The

contacts made by this finger also are distinctive in that they allow a significant number of base

contacts with the "lower" strand of the DNA. The structural features that enable the contact to

5'A in this case deserve further study.) A large part of the motivation for creating and solving the

structure of the Aart protein originated in its ability to recognize bases other than G at the 5'

triplet position by Fingers 1, 3, 5, and 6.

Our results suggest that 5’A, C, and T are typically not specified by direct interaction with the

position 6 residue. Many attempts to derive recognition codes frequently assume a model in

which the 5’ base is specified by the position-6 residue47-50. Our results challenge such a

canonical model of zinc finger-DNA recognition, and suggest the specification of the 5’ base by

position 6 might be more often the exception (primarily in the case of 5’G) rather than the rule.

The results strongly support the earlier efforts of several groups to incorporate some aspect of

inter-domain or context-dependant interactions into their design strategy16,40,51,52. These findings

also highlight the need for more structural studies containing examples of 5’A, C, and T

recognition. In the Aart structure, 5' specificity is apparently influenced most frequently by a

target site overlap interaction from the amino acid in position 2 of the neighboring finger

(occurring in F1, F3, F4, and F5). Unexpected stacking interactions within a domain also were

postulated to influence specificity, such as at the 5'T of F5 stacking on the N(3) (resulting in G/T

specificity), the middle T of F6 stacking onto R(-1), and perhaps the 5'A of F6. Surprisingly,

glycerol appears to mediate much of the interaction between the 6 position of the recognition

helix and the middle and 5' base pairs of F3 and F4. The 6 position is an alanine, a small,

hydrophobic side chain ideal for accommodating a small molecule such as glycerol. The role of

glycerol in specificity is not known at this time but may be to interact more favorably with

purine bases at the middle and 5' position of the upper strand. Future work will be needed to

clarify its importance to sequence specificity by Aart.

Evidence for strain induced by the use of canonical linkers.

Past studies have suggested that proteins containing multiple fingers may suffer from strain

imposed by suboptimal linker lengths between fingers, leading to decreased affinity and/or

specificity27-29. Such strain could be evidenced in the Aart/DNA complex by distorted DNA,

mispositioned fingers, or poor contacts between fingers and DNA. Inspection of the Aart/DNA

structure shows no large bends in the DNA, but rather a continuum of smaller bends at each base
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step. Since the six fingers of Aart wrap around the DNA completely, perhaps DNA bending

would not be expected to relieve strain. Some unusual helical parameters, relative to B form

DNA and to DNA bound to other zinc fingers, occurs in the form of slide in F2. This may be

evidence of strain, but the origin and consequences of the unusual slide are unknown. The DNA

is underwound by 64°-70°, which may lead to strain within the DNA molecule. If the DNA were

closed circular, or had fixed ends, the underwinding would incur a cost or possibly be favorable,

depending on the state of supercoiling. In linear, unrestrained DNA, the unwinding could result

in unfavorable base stacking or phosphate-phosphate repulsion. The unwinding is a consequence

of widening the major groove for the close approach of multiple alpha helices to the DNA36.

Modeling experiments suggest that a longer linker might diminish the unwinding15. However, it

is not clear if the energy gained by relaxing the DNA closer to B form would compensate for the

loss of domain packing53, interdomain hydrogen bonds15, and target site overlap interactions

important for specificity and affinity. This conclusion is consistent with the report that tandem

bound Zif268 proteins could accommodate a canonical TGEKP linker in the middle of the

complex without obvious structural distortion54, and a more recent report that longer linkers in

multi-finger proteins produced no obvious benefit55. With respect to finger positioning relative to

the DNA, we found no evidence of gross misplacement of the zinc fingers (Fig. 3d). Most of the

contacts identified have reasonable interaction distances, also inconsistent with mispositioning of

the finger helices.

The evidence of strain that has been found includes the systematic trend of slight rotation and

translation of recognition helices relative to the orientation Finger 3 takes with its bound triplet

of DNA, where these values increase in fingers more distant from Finger 3. In addition, higher B

factors are found at the first and last fingers, as well as their bound DNA. High B factors indicate

either atomic motion within, or positional displacement among, the different molecules that

make up the crystal. Since the diffraction data were collected at 100K, atomic motion is not

expected to be significant, therefore, fingers at either the end of the molecule occupy somewhat

different positions within the many copies in the crystal. The ends of the Aart bound DNA

contact the DNA of neighboring complexes, forming a pseudo-continuous helix throughout the

crystal. Such contacts are likely to be stabilizing to the crystal, however, we find that the disorder

within the Aart/DNA complex is greatest at these locations. Finger 1 of molecule A exhibits so

much disorder that the electron density on these atoms is patchy and absent for many residues.

Also, the linker between Fingers 5 and 6, as well as much of Finger 6 in one of the two copies of
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Aart bound to DNA, is found to be so disordered that it cannot be modeled. This disorder may be

related to the lack of specificity observed by Aart at particular bases, in it is possible that direct

contacts are made in only a fraction of the complexes at any one time leading to multiple

orientations and consequently conformational disorder and poor electron density in the crystal

structure.
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Figure legends

Figure 1. Protein and DNA sequences used in this study. a. Aart sequence. Recognition helix

residues of each zinc finger shown in bold. b. Sequence of DNA duplex cocrystallized with

Aart. X indicates 5-bromouracil in the brominated DNA, and thymine in the native DNA. The

structure of Aart with nonbrominated DNA was used in all structural analyses.

Figure 2. The Aart/DNA complex. a. Ribbon diagrams of one complex. Blue ribbon: trace

through backbone of Aart protein. Pink ball: zinc ions. Green sticks: DNA. b. Stereo view of

simulated annealing 2Fo-Fc (grey, 1 ), and Fo-Fc (pink, 2.5 ) omit electron density map at Ade

U13/Thy L11 with selected side chains, glycerol and a water molecule. c. RMSD at each alpha

carbon following superposition of chains A and B of Aart (blue) and average Debye-Waller

Temperature Factor (red solid, chain A, red dashed, chain B) of each residue. d. RMSD

following superposition of the duplex DNA using all atoms (blue solid, chains C and E, blue

dashed, chains D and F), and average Debye-Waller Temperature Factor (red solid, chain C, red

dashed, chain D, red loose dotted, chain E, red tight dotted, chain F) of each nucleotide.

Figure 3. Orientation of the recognition helix with respect to the DNA. a. Angle required to

superimpose recognition helices onto helix of Finger 3 of molecule A after superposition of

DNA. b. Distance between centers of mass (COM) of recognition helices following DNA

superposition. c. Plot of translation vs. rotation of C2H2 zinc fingers from the PDB (red circles)

and Aart fingers (blue diamonds) superimposed onto Aart F3, as in Fig. 3a-b.

Figure 4. Protein-DNA contacts. a. Expected contacts between recognition helices of Aart and

DNA. b. Aart CAST analysis results24. Boxed nucleotides differ from designed target sequence.

c. Schematic of observed interactions between Aart and DNA bases. Green boxes, contacts

predicted and which explain observed specificity. Blue boxes, contacts or specificities which

were unexpected. Yellow boxes, weak specificity. Red boxes, specificity cannot be explained.

Red lines, weak (longer than optimal) interactions. Black lines, hydrogen-bonds or Van der Waal

interactions to glycerol. VDW, Van der Waal hydrophobic interaction. wat, water-mediated

interaction. stk, stacking interaction, gol, glycerol molecule.

Figure 5. Stereo figures of Aart/DNA interactions. Colored by atom type (green=carbon,

blue=nitrogen, red=oxygen). Spheres show the position of methyl groups. Water molecules are

shown as small red spheres. Hydrogen bonds between the protein and DNA are shown as dotted

lines. a. Finger 1 of molecule A. b. Finger 2 of molecule A. c. Finger 3 of molecule A. Gol1,

glycerol.
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Figure 6. Stereo figures of Aart/DNA interactions. Colored by atom type (green=carbon,

blue=nitrogen, red=oxygen). Spheres show the position of methyl groups. Water molecules are

shown as small red spheres. Hydrogen bonds between the protein and DNA are shown as dotted

lines. a. Finger 4 of molecule A. Gol2, glycerol. b. Finger 5 of molecule B. c. Finger 6 of

molecule A.

Figure 7. Contacts between glycerol and the protein-DNA interface at a. F3, and b. F4.
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Figure 3. Segal et al.
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Figure 4.  Segal, et al. 
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