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ABSTRACT: Angiogenin and ribonuclease A share 33% sequence identity but have distinct functions.
Angiogenin is a potent inducer of angiogenesis that is only weakly ribonucleolytic, whereas ribonuclease
A is a robust ribonuclease that is not angiogenic. A chimera (“ARH-I"), in which angiogenin residues
58—70 are replaced with residues-5%83 of ribonuclease A, has intermediate ribonucleolytic potency
and no angiogenic activity. Here we report a crystal structure of ARH-I that reveals the molecular basis
for these characteristics. The ribonuclease A-derived (guest) segment adopts a structure largely similar to
that in ribonuclease A, and successfully converts this region from a cell-binding site to a purine-binding
site. At the same time, its presence causes complex changes in the angiogenin-derived (host) portion that
account for much of the increased ribonuclease activity of ARH-I. Gtlesst interactions of this type
probably occur more generally in protein chimeras, emphasizing the importance of direct structural
information for understanding the functional behavior of such molecules.

The proteomes of complex organisms are comprised theless, RNase A and all other superfamily members that
largely of families and superfamilies. Most, if not all, of the have been tested are devoid of angiogenic activity.
individual members of these groups serve distinct roles, with  Comparison of the sequences of Ang and RNase A reveals
variations ranging from subtle to extremely dramatic. One that one functionally important segment of RNase A, residues
approach for studying the molecular basis for this functional 63—74, is poorly conserved in Ang (Figure 1a): the
diversity has been to generate chimeric proteins in which intrasegment disulfide bridge (65/72) is absent, there is only
residues or segments from one homologue are transplante@ne apparent sequence identity, and Ang contains two fewer
into another {, 2). In principle, the properties of hybrids residues overall. Early crystallographic studigs4; 11) had
can provide considerable insight into the functional indi- shown that the RNase segment between Cys 65 and Cys 72
viduality of the two components. forms one face of the Bpurine-binding subsite, and might

Bovine pancreatic ribonuclease (RNasé BC 3.1.27.5) influence the catalytic site as well. To evaluate the signifi-
and human angiogenin (Ang) provide a particularly intriguing cance of the dissimilarity between Ang and RNase A in this
system with which to investigate structurinction relation- region, Harper and Valleel) prepared a hybrid protein
ships among homologues. RNase A is a digestive enzyme(ARH-I) in which residues 5870 of Ang were replaced with
with high catalytic efficiency toward general RNA substrates the corresponding residues,583, of RNase A (Figure 1a).

(3, 4). Ang was discovered as a tumor-derived angiogenesis The regional substitution enhanced enzymatic activity by up
factor and found unexpectedly to be a member of the to several hundred-fold, conferred a more RNase A-like
pancreatic RNase superfamily«7). Although Ang contains  specificity at B, and increased the chemical reactivity of
the full catalytic apparatus of RNase A, its ribonucleolytic catalytic residues. These changes suggested that the RNase
potency is some47 orders of magnitude lowef (8). This A guest segment in ARH-I is well-accommodated into the
weak activity is not a mere vestige of evolution: mutational Ang host and acts much like it does in RNase A. ARH-I
studies have demonstrated that Ang must have an intactwas also found to have greatly reduced angiogenic activity
enzymatic active site to induce angiogeneSislQ). None- (1), reflecting the involvement of the substituted segment in
the cellular interactions of Angr(12). In a complementary
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Ficure 1: Structural overview. (a) Sequences of Ang (green),

RNase A (red), and ARH-I (colored according to protein of origin)
in the region of mutagenesis. The alignment is that given irliref

and does not take the 3D structures into consideration. Residued? reSPeCtively: Ruyst = 3nlFo —
that appear to be conserved are highlighted, and disulfide-bonded
cysteines are bridged. (b) Schematic representation of ARH-I

highlighting strand81—B7 and helices HtH4. The Ang-derived

component is green; the RNase A-derived component is red, and

disulfide bridges are yellow. (c) Superposition of thkearbon traces
of ARH-I (gold), Ang (1B1l; green), and RNase A (7TRSA,; red).
The two C-terminal residues of ARH-I are not visible in the crystal
structure.
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Table 1: X-ray Data Collection and Refinement Statistics

data collection statistics

resolution (A) 46-2.1

no. of measured reflections 53460

no. of unique reflections 8426

completenes$q%) 90.0 (89.7)

Rmerg® (%) 10.8 (58.4)

Ilo(1)? 12.2 (2.0)
refinement statistics

resolution (A) 22.92.1

Rerysf (%) 22.0

Riree” (%) 27.4

no. of reflections used 8425

no. of protein atoms 1017

no. of citrate atoms 13

no. of water atoms 62
deviations from ideality (rms)

bond lengths (A) 0.006

bond angles (deg) 1.3

dihedrals (deg) 24.6

impropers (deg) 0.86
averageB-factor (A2)

main chain atoms 36.1

side chain atoms 37.4

all protein atoms 36.7

citrate atoms 59.5

water atoms 46.6

a Figures in parentheses correspond to the highest-resolution shell
(2.18-2.10 A).P Ryerge= YnYilI(h) — li(h)|/3nYili(h), wherel(h) and
li(h) are the mean anith measurements of the intensity of reflection
Fe/y nFo, whereF, and F¢ are the
observed and calculated structure factor amplitudes of refle¢tion
respectivelyd Ryee is equal toReyst for a randomly selected 10% subset
of reflections not used in the refineme#ty].

DENZO (18), scaled using SCALEPACK1§), and con-
verted to amplitudes using TRUNCATHESY). The crystal
belonged to space grolg2;2,2 with the following unit cell
dimensions:a = 38.55 A b = 64.20 A, andc = 61.25 A.

midine-binding site, that does not exist in either parent Detailed data processing statistics are presented in Table 1.

protein. Further kinetic and mutational studies on ARH-I

Phase Determination and Refinemdnitial phases were

demonstrated this linkage, while leaving its precise nature determined by the molecular replacement methad), (

unresolved 15).
Here we report a crystal structure of ARH-l at 2.1 A

employing as a search model the coordinates of Ang (PDB
entry 1B1l) @1) modified by deletion of residues 5&0.

resolution that provides the details of the interactions betweenRotation and translation function searches were conducted
the RNase A-derived and Ang-derived regions, and accountsusing data in the range of 23 A, and a clear solution was

for the characteristic catalytic activity of the hybrid protein.

EXPERIMENTAL PROCEDURES

Protein Purification, Crystallization, and Diffraction Mea-
surementsARH-I was prepared from the soluble extract of
recombinantEscherichia coliw3110 by cation-exchange

obtained which, after rigid-body refinement, had a correlation
coefficient of 66.2% and aR-factor of 41.5%. CNS22)

was used to refine the model, adopting a maximum likelihood
target for all procedures. Cycles of conjugate gradient
minimization, simulated annealing, and geometry minimiza-
tion were interspersed with calculation of sigmaA-weighted

chromatography on SP-Sepharose and Mono-S media a®F, — F. andF, — F. electron density maps and manual

described previouslyl( 16), and further purified by ¢
reversed-phase HPLQT). The protein was crystallized by
the hanging drop vapor diffusion method. At drop (pH
5.8) containing 10 mg/mL protein, 7.5% (w/v) PEG 4000,
4% (v/v) tert-butyl alcohol, 0.15 M ammonium acetate, and
0.05 M sodium citrate was equilibrated at 16 against a
reservoir (0.8 mL) containing 15% (w/v) PEG 4000, 8% (v/
v) tert-butyl alcohol, 0.3 M ammonium acetate, and 0.1 M

model building using OZ3). The resolution was increased
stepwise, and-factor refinement was carried out once all
discernible protein residues had been incorporated. During
the final stages of refinement, a citrate ion was introduced
into the model and water molecules were added at positions
where peaks exceeded &.B the F, — F. electron density
map. Only those waters that were positioned at appropriate
distances from suitable hydrogen-bonding partners and had

sodium citrate at the same pH. Thin, platelike crystals temperature factors ok65 A2 were kept. The protein
appeared within 3 weeks. Using a single crystal, room- residues are well-defined in the finaF2 — F. electron
temperature X-ray diffraction data were collected to 2.1 A density map, with the following exceptions: the two C-
resolution on an ADSC Quantum 4R CCD detector at station terminal residues are substantially disordered and are omitted,;
PX14.1 of the Synchrotron Radiation Source (Daresbury, the segment of residues 888 has generally poor density,
U.K.). All available data were indexed and integrated using but has been modeled; and the side chains of Arg 24, Arg
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Ficure 2: RNase A-derived guest segment in ARH-I. (a) Stereoview showing the refined modeFand B. electron density map
(contoured at &) for a representative part of the guest segment. (b) Superposition of the guest segment of ARH-I (gold) and the parental
RNase A structure (7RSA; red), shown in stereo. Alternative conformations for RNase A residues Lys 61 and Asn 67 are not shown.

31, Ser 37, Arg 51, Lys 65, and Arg 123 are disordered and resolution crystal structure of Ang (PDB entry 1B1D1j

have been truncated at’CThe quality of the final model  gives an rms deviation of 0.54 A for 106*@toms (residues
was assessed with PROCHECR). Of the 107 discernible ~ 3—57 and 73-123 of ARH-I vs their Ang counterparts).
non-glycine and non-proline residues, 94 (87.9%) lie in the There are only a few short stretches where main chain atoms
most favored region of the Ramachandran plot and the othersare >1 A apart (ARH-I residues 1 and 2, 19 and 20, 87 and
lie in the additional allowed region. Detailed refinement 88, and 90 and 91); these deviations are all far from the
statistics are included in Table 1. Structural superpositions substituted region and the active site, and in most cases can
were performed with LSQMANZY). Figures were prepared  probably be attributed to differences in the crystal packing
using BOBSCRIPT26) and RASTER3D 27). arrangements of the two proteins.

The ZF, — F. map of the guest segment in ARH-I is of
RESULTS . . .
high quality (Figure 2a), and reveals a topology strongly
Overall Topology.ARH-I adopts theo/s fold common resembling that adopted by these residues in RNase A (Figure
to Ang and RNase A (Figure 1b). The main chain of the 1c). Alignment of the 15 €atoms of this segment with the
Ang-derived portion is not perturbed appreciably by the corresponding atoms of the 1.26 A resolution structure of
substitution (Figure 1c). Superposition with the 1.8 A free RNase A (PDB entry 7RSA2®) gives an rms deviation
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Table 2: Potential Hydrogen Borfdsf the Guest Segment in their RNgse A counterparts especially closely. Th_e O'?e
ARH-| and Their Counterparts in RNase A notable discrepancy between ARH-I and RNase A in this

ARH-! RNase & region involves Lys 65/66. The side chain of Lys 65 is not
— p— visible in ARH-I,'indicating that it.is highly mobile. Although
bond ( A% bond ( A% Lys 66 has relatively weak density in some structures of free
RNase A and RNaseAnucleotide complexes and is variable
in orientation, its conformation is well-defined in each case

Main Chain-Main Chain Interactions

ET'}Z 23 ME‘SSS g:g éer: 23 ﬁ/\\/l;%@% 2:8 (28—31). The N atom of this residue lies within the active
Lys 60 N—lle 730 —¢  Lys61N-GIn740 3.3 site region, usually near the main chain O of Asp 121, with
Val 62 N-Cys 71 O 26 Val63NCys720 3.0 which it hydrogen bonds in some instancgs, (29).

gf;g,\’r__ g'g%i% %91 (C?I/; gg’ gg}'g%%% 22'_% Architecture of the BSite Crystallographic, NMR, and
Cys 71 N-Val 62 0 3.2 Cys72NVal630 3.4 mutational studies3; 4, 29, 30, 32, 33) have shown that the
Tyr 72 N—Val 107 O 2.9  Tyr73N-Val 108 O 2.8 B, site of RNase A is formed by the side chains of Cys 65,
lle 73 N—Lys 60 O 32 GIn74NLys610 2.8 Asn 67, GIn 69, Asn 71, Ala 109, Glu 111, and His 1109.
Val 107 N-Tyr 72 O 3.0 Val1l08N-Tyr730 3.0

Interactions with the purine base include a functionally
important hydrogen bond of Asn 71, transient hydrogen
bonds of Asn 67, GIn 69, and Glulli;-zr stacking with

Cys 109 N-Asn 70 O 3.1 Cys110NAsn710 3.0
Side Chair-Main Chain and Side ChairSide Chain Interactions

— —d

ig;%ﬁ%zfﬁf‘zg o :33;‘1’ i‘;g%%%f?hf?? o 28 the His 119 imidazole, and van der Waals contacts with Cys
Asn 61 N2—Cys 71 O 2.7 Asn62M—Cys720 2.9 65 and Ala 109. None of the residues from the segment of
Lys65N-Asp118 0> 3.2 Lys66N-Asp1210? 2.8 residues 6572 of RNase A have structural analogues in
";\ys 65N-Asp1180  —¢  Lys66N-Asp1210 3.0 Ang, and the Ang residue that corresponds to Glu 111 (Glu

sn 66 N>-GIn68 01  —¢ Asn 67 N2—GIn 69 O* 2.9 . . . .
GIn 68 N-Asn 66 O 28  GIn69 N-Asn 67 OL 30 108) is positioned 23 A away from this region. Accord-
GIn68 N2—Asn 700! —¢  GIn6IN2—Asn 710t 2.9 ingly, Ang discriminates between bases at lBuch less
Asn70N?-Cys1090 3.0 Asn718-Cys1100 2.9 effectively; e.g., its preference for A over G is3-fold,
Lys 75 N-Gln 59 O 25 Tyr76N-Gin 600" 29 compared with values of ¥25-fold for RNase A {, 3).

aHydrogen bonds are listed if th?&distance between adonor (D) and The base preference of the Bite in ARH-I (29-fold in
an acceptor (A) is shorter than 3.3 A and thelB—A angle is greater favor of A) strongly resembles that of RNase &).(The
than 90. " PDB entry 7RSA 28). ¢ Distance of>3.3 A. 4 Angle of L ) )
<90°. ¢ The side chain of Lys 65 is disordered in the ARH-I crystal. ARH-I crystal Strucwre now mdlcaFes th_at,a” of th_e various
B, components are likely to function similarly (Figure 3).
. _ Asn 70 superimposes well with Asn 71 in the RNase A
of 0.38 A (global alignment of the two molecules gives an d(CpA) complex (PDB entry 1IRPGRS). The position of
rms deviation of 0.66 A for the_se atoms). Strands B2 (ARH-I Ay 66 corresponds to one of two observed for Asn 67 in
residues 66:63) and B3 (residues 69/3) make three of  ppG (lower occupancy) and 7RSA (higher occupancy). The
the four hydrogen bonds present in RNase A (Table 2) 10 jentation of GIn 68 is different from that of its analogue
form the same-hairpin structure. Strand B3 also hydrogen G g9 after ¢ because of the proximity of a symmetry-
bonds with strand B6 on the main body of the protein (Table (g|5ted Trp 91 residue, but GIn 68 should be free to reposition
2), as in both RNase A and Ang. Helix H3 (residues-49 i, sojytion: the conformation seen in ARH-I resembles that
59) extends into the substituted segment as in RNase A,j, the RNase A3-CMP complex (PDB entry 1RPFPY).

rather than terminating with residue 57 as in Ang. Cys 64 o Cys 64 aligns well with the equivalent atom of RNase
and Cys 71, like their RNase A counterparts, form a disulfide

bridge. The average main chain temperature factor (3%.7 A The other residues predicted to comprise thesBe of
for this region is similar to that for the rest of the protein  pApp_| originate from the host portion. ThefGitoms of
(35.9 A?). This is also the case in RNase A and indicates ARH-I Ala 108 and RNase A Ala 109 superimpose well.
that the structure adopted by the guest segment is stable. T carboxylate of Glu 110 is almi2 A closer to B than
The preceding observations, taken together, show thatjs that of Glu 108 in Ang, and its ®atom forms a water-
ARH-I is an “authentic” hybrid with respect to backbone mediated hydrogen bond with Asn 70Nvhich replicates
structure. Consequently, the topological features that definean interaction in 7RSA. His 116 does not stack against a
residues 5870 of Ang as a cell-binding site7f have been  purine ring as does His 119, the equivalent residue, in RNase
lost. The loop of residues 5%1 (H3/B2) of Ang carrying A complexes with substrate analogu@$,(30); instead, it
the critical residue Asn 61 has been eliminated, and the loopadopts an alternative “B” conformation seen in some
of residues 6668 (B2/B3) containing other important cell-  structures of free RNase A and RNase A complexes with
binding elements has been lengthened and reoriented. pyrimidine nucleotides. In conformation B, the and y.
Side Chain Positions in the Guest Segméfdst of the torsion angles of the His side chain both differ t60°
side chains within the guest segment of ARH-I align from those for the productive “A” conformation (which is
reasonably well with their counterparts in RNase A (Figure the conformation of His 114, the equivalent residue, in Ang).
2b). The rms deviation for all 49 discernible side chain atoms The orientation of His 116 in ARH-I appears to be dictated
is 1.08 A, but reduces to 0.68 A when Lys 60 and GIn 68, by crystal contacts with Trp 91 from a symmetry-related
both of which have variable conformations in different RNase molecule, and in solution, this side chain would probably
A crystal structures, are excluded (the corresponding rmsbe able to play a constructive purine binding role as in RNase
deviations derived from global alignment of the structures A.
are 1.30 and 0.86 A, respectively). ARH-I residues Ser 58, Impact of the Guest Segment on the Pyrimidine-Binding
Asn 61, Ala 63, Cys 64, Asn 70, Cys 71, and Tyr 72 match Site.In RNase A, residues 5973 and the residues forming
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Ficure 3: Putative B subsite of ARH-I. Stereoview showing key residues involved in the binding of the adenine portion of d(CpA) by
RNase A (PDB entry 1IRPG?0) superposed with the corresponding region of ARH-I. Residues are shown in ball-and-stick representation.
RNase A residues have red sticks; d(CpA) has gray sticks, and ARH-I residues have gold sticks. Balls are colored according to atom type
(CPK scheme). For clarity, only side chain atoms are shown, a connecting section of the main chain is drawn as a smooth turn, and the
lower-occupancy conformations of RNase A residues Asn 67 and GIn 69 are omitted. The dotted line denotes a key hydrogen bond.

the B, pyrimidine site (Thr 45, Val 43, Asn 44, Phe 120, : - - —
and Ser 123) are separated-by A at their point of closest X?zb:-ﬂ ?;ngcﬁﬁgitgewﬁrogen Borttisf the C-Terminal Regions in
approach and appear to be entirely independent structurally:

Given the conservation of the;Besidues of RNase A in ARH-I angiogeni

Ang (Thr 44, lle 42, Asn 43, Leu 115, and Ser 118, length length
respectively), it seemed likely prior to the availability of the bond A) bond &)
Ang 3D structure that there would also be no linkage in Main Chain-Main Chain Interactions

) _ GIn119 N-Leu 1170 27 GInl1ll7NLeull50  —d
ARH-I. The Ang crystal structureld) prompted a reassess lle 121 N-Asp 118 O 33 lle 119 NASp 116 O .

ment of this view by revealing aBsite feature unique to  ppe 125 N-GIn 119 0 27  Phe 120NGIn 117 O 3.0
Ang that might produce a gueshost clash in ARH-I. Arg 123 N-Ser1200  —°  Arg 121 N—-Ser 118 O 3.1
Although B, in RNase A is fully open to substrate, in Ang  sjge Chain-Main Chain and Side ChairSide Chain Interactions
it is cryptic: Thr 44, lle 42, Asn 43, and Leu 115 are all Thr 44 N—-GIn 119 O! 2.8 Thr44N-GIn 117 O* 2.9
poised to interact with a pyrimidine like their RNase A %r: ﬂ%“fz}m‘;“ C;Dl’l 2(3) %l]rrl iigﬁz}mg%ql gé
counterparts, but access to them is blocked by GIn 117. This Ser 120 N-Asp 118 31  —¢  Ser118 N-Asp1160! 3.1
obstruction reflects the distinctive secondary structure of the ger 120 9-Asp 118 3 —°  Ser1180-Asp116 0 2.5
C-terminal segment (residues 11¥23) of Ang, which Lys 65 N—Asp 118 02 3.2 —
places Ser 118 in a position essentially identical to that of ~a\4 yrogen bonds are listed if the distance between a donor (D) and
Lys 66 in RNase A 15) (and ~8 A from that of its an acceptor (A) is shorter than 3.3 A and theB—A angle is greater
counterpart, Ser 123) (Figure 4§Superpositions of Ang  than 90. ® PDB entry 1Bl @1). ¢ Distance of>3.3 A. ¢ Angle of <90°.
with other structures of free (3RN3BY) and complexed  °Lys 65 has no counterpart in angiogenin.
RNase A [LIRPGZ9), 1ROB Q9), 1AFK (34), and 1RCN
(30)] at low or medium ionic strength show similar overldps. minor increase in activity (whereas the corresponding
At this location, Ser 118 forms two hydrogen bonds with substitution of GIn 117 in Ang enhances activity by-10
Asp 116 (O—0°t and NH-0°%) that appear to help “push”  14-fold).
GIn 117 into B, an inference supported by the 7- and 15-  The ARH-I crystal structure now reveals that in facth
fold increases in activity that occur when Ser 118 and Asp of the residues involved in the potential conflict have been
116, respectively, are replaced with Ald5( 35). repositioned. Ser 120’Gand NH are shifted by-3 and 0.9
Clearly, the ARH-I residues that correspond to Ser 118 A, respectively, vis-avis the analogous Ser 118 atoms of
of Ang and Lys 66 of RNase A (Ser 120 and Lys 65, Ang, and the hydrogen bonds of these atoms with @
respectively) cannot both occupy the same positions as inAsp 116 in Ang (Asp 118 in ARH-I) have been lost (Figure
their proteins of origin. Reorientation of the Ser would likely 4b): distances have been lengthened from 2.5 to 5.1 A and
prevent the replication in ARH-I of the Ser 118sp 116 from 3.1 t0 5.6 A, respectively. As already noted, the location
hydrogen bond, and thereby destabilize the nativg- “B  of the Lys 65 side chain cannot be ascertained. Nonetheless,
closed” conformation or even induce the restructuring it is clear that this residue cannot be positioned like Lys 66
proposed to open &luring the normal catalytic pathway of in RNase A because it would still overlap Ser 126 @wd
Ang (14). Alternatively, if the SerLys clash is averted by ~ C¢ of Lys 66 are both 1.4 A from €of Ser 120 in the
reorientation of the Lys, the guest segment might not affect superimposed RNase A and ARH-| structures).
the B, blockage. Reinvestigation of ARH-I in light of the The perturbation of the C-terminal region of Ang by the
Ang 3D structure 15) showed that the regional replacement guest segment extends beyond the effects on Ser 118/120
has a marked impact oy Bunction, suggesting that the Ser (Figure 4b and Table 3). Freed from its hydrogen bonds with
has shifted: (i) ARH-I binds 2CMP 10-fold more tightly this Ser, the side chain of ARH-I Asp 118 lies3 A from
than does Ang; (ii) ARH-I hydrolyzes cytidine cycli¢,2- the position of Asp 116 in Ang and coincides well with Asp
phosphate 25-fold more effectively than does Ang; and (iii) 121 in RNase A. It makes three hydrogen bonds with the
replacement of GIn 119 with Ala in ARH-I produces only a main chain of the new segment: one directly with Lys 65
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Ficure 4: Impact of the RNase A-derived guest segment on the C-terminal region of Ang. (a) Stereoview of a superposition of Ang
residues 116119 (1B1l; green) and RNase A residues—&F (7RSA; red, only the side chain of Lys 66 is drawn) showing a clash
between the positions of Ang Ser 118 and RNase A Lys 66. (b) Stereoview of a superposition of the C-terminal regions of ARH-I (gold)
and Ang (green); selected residues that interact with these regions are also shown. The side chain of ARH-I Lys 65heyondiSible

in the crystal structure. The side chains of Ang residues 115 anet 128 their ARH-I counterparts (residues 117 and-1223), and

ARH-I residues 63, 64, and 66 are omitted for clarity. Dotted lines denote hydrogen bonds, and spheres denote water molecules.

(O%2—NH) and two via water molecules with Ala 63 {&- 0.71 A, compared to 0.21 A for residues HBL7]. The

0) and Asn 66 (@—N). All of these are also present in hydrogen bonding arrangement of the C-terminal main chain
RNase A crystal structures. In addition, Asp 118 of ARH-I is somewhat altered in the chimera, but the region retains
is now well-placed to replicate the hydrogen bond of Asp its 3,¢-helical conformation.

121 O* with N<2 of His 119 (His 116 in the chimera) when Other important features of the Ang active site are largely
this histidine reorients to its productive conformation (see preserved in ARH-I. GIn 119 occupies the same obstructive
above). This hydrogen bond in RNase A has been shown toposition as GIn 117 in Ang, forming two comparable
make a significant contribution to catalytic efficiency: hydrogen bonds with Thr 44 (Figure 4b and Table 3); this
replacement of the Asp with Ala diminish&g/K, values is consistent with the crystal structure of D116H-Ar3g)

by 16-170-fold 36). The new set of interactions of Asp  which shows that removal of the Asp 126er 118 interac-
118 in ARH-I is coincident with a minor displacement of tions is not sufficient to open the;Bite. The side chain of
the C-terminus toward thg-hairpin [the rms deviation for  the catalytic residue His 13 superimposes almost perfectly
the C* atoms of residues 118123 (ARH-I numbering) is in the two structures, as does NH of Leu 115 (Leu 117 in
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ARH-I), which is also thought to interact with the scissile loops) as for ARH-I. Effects of guest on host were reported
phosphodiester3{). Two other residues at the catalytic for a hybrid of staphylococcal nuclease and concanavalin A
center, Lys 40 and GIn 12, are displaced-019 A from (42), and of host on guest for a charybdotoxicuraremi-
their counterparts, probably reflecting the formation of metic toxin chimera43). In the first case, the loss of contacts
hydrogen bonds with a citrate molecule from the crystal- between the retained and replaced regions of the host

lization medium. significantly reduced thermodynamic stability. In the second,
the low affinity for binding of the chimera to a receptor was
DISCUSSION proposed to reflect, in part, host-imposed deviations of the

ARH-I was one of the earliest chimeric proteins generated guest segment from the structure adopted in its parent.
to investigate the structural basis for functional diversity However, the authors of this report noted that some residues
among homologues. At the time, the 3D structure of only involved in receptor binding had not been transplanted, and
one of the parent proteins was known and the properties ofsuggested that this might also account for the deficient
the chimera seemed to be fully understandable in terms ofbinding.
simple gain and/or loss of loop function. Now that the = To our knowledge, ARH-I is the first chimeric protein for
structures of the second parent and the chimera itself havewhich it has been possible to explain complex functional
been determined, it is clear that that view was inadequate.characteristics in terms of guestost interactions. However,
Thus, although some features of ARHits improved purine it seems likely that this type of crosstalk is not uncommon,
binding and lack of angiogenicitycan indeed be explained even where chimera design has aimed to avoid it. Loops and
as originally postulated, others reflect guesbst interactions  other structural units targeted for transplantation may often
that could not have been predicted. Most notably, the guestbe (or appear to be) independent in both parents while
segment induces a partial reorganization of the C-terminal impacting on each other heavily in the chimera constructed
region of the host that accounts for much of the increased from them. Similarly, the natural evolution of novel protein
enzymatic activity of the chimera. Although GIn 117 (GIn functions through the acquisition of smaller mutations can,
119 in ARH-I) remains obstructive, the loss of the hydrogen in some cases, be attributed not to localized perturbations
bonds linking Asp 116 (Asp 118) and Ser 118 (Ser 120) but to a change in the interplay between distinct site$. (
should facilitate the opening of the, Bite to accommodate  Therefore, considerable caution should be exercised when
substrate. Double replacement of both the Asp and Ser withinterpreting the functional properties of chimeras in the
Ala was shown previously to enhance activity toward tRNA absence of detailed structural information about all three
by 24-fold (15), and it seems likely that at least this much proteins.
of the ~400-fold overall increase for ARH-1 stems from this
source. Indeed, the repositioning of Asp 116 (Asp 118) not ACKNOWLEDGMENT
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