Protein Science (1993), 2, 155-164. Cambridge University Press. Printed in the USA.
Copyright © 1993 The Protein Society

The binding domain structure of
retinoblastoma-binding proteins

JAMES FIGGE,!? KIMBERLY BREESE,' SANDOR VAJDA,* QING-LIN ZHU,*
LESLIE EISELE,’ THOMAS T. ANDERSEN,® ROBERT MacCOLL,?
THOMAS FRIEDRICH,? ano TEMPLE F. SMITH*

Departments of ! Medicine, 2 Microbiology, Immunology and Molecular Genetics, and

3 Biochemistry and Molecular Biology, Albany Medical College, Albany, New York 12208

4 BioMolecular Engineering Research Center, Boston University, Boston, Massachusetts 02215
5 New York State Wadsworth Center for Laboratories and Research, Albany, New York 12201

(RECEIVED July 8, 1992; REVISED MANUSCRIPT RECEIVED September 30, 1992)

Abstract

The retinoblastoma gene product (Rb), a cellular growth suppressor, complexes with viral and cellular proteins
that contain a specific binding domain incorporating three invariant residues: Leu-X-Cys-X-Glu, where X denotes
a nonconserved residue. Hydrophobic and electrostatic properties are strongly conserved in this segment even though
the nonconserved amino acids vary considerably from one Rb-binding protein to another. In this report, we present
a diagnostic computer pattern for a high-affinity Rb-binding domain featuring the three conserved residues as
well as the conserved physico-chemical properties. Although the pattern encompasses only 10 residues (with only
4 of these explicitly defined), it exhibits 100% sensitivity and 99.95% specificity in database searches. This im-
plies that a certain pattern of structural and physico-chemical properties encoded by this short sequence is suffi-
cient to govern specific Rb binding. We also present evidence that the secondary structural conformation through
this region is important for effective Rb binding.
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The human retinoblastoma locus encodes a 928-residue
nuclear product (Rb) that functions as a cellular growth
suppressor (see Weinberg, 1991, for review), possibly by
governing passage through a checkpoint in G1 of the cell
cycle (Goodrich et al., 1991). This activity may result
from complex formation between Rb and other nuclear
proteins (Huang et al., 1991; Kaelin et al., 1991) includ-
ing the transcription factor, E2F (Bandara et al., 1991;
Chellappan et al., 1991; Chittenden et al., 1991; Helin
et al., 1992; Kaelin et al., 1992), the c-myc proto-oncogene
product (Rustgi et al., 1991), and RBP-1 and RBP-2
(Defeo-Jones et al., 1991). Rb also complexes specifically
with transforming proteins of several oncogenic DNA vi-
ruses, including the simian virus 40 (SV40) and polyoma-
virus large T antigens (DeCaprio et al., 1988; Dyson et al.,
1990), the adenovirus Ela protein (Whyte et al., 1988),
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and the papilloma virus E7 protein (Dyson et al., 1989).
The ability to complex Rb may contribute to the trans-
forming properties of these viral products (Weinberg,
1991).

The aforementioned viral proteins as well as two cel-
lular proteins, RBP-1 and RBP-2, share a structurally
similar segment (Stabel et al., 1985; Figge et al., 1988;
Moran, 1988; Defeo-Jones et al., 1991) containing three
invariant residues: Leu-X-Cys-X-Glu, where X represents
a nonconserved residue. Genetic mapping (Munger et al.,
1989; Whyte et al., 1989; Barbosa et al., 1990; Firzlaff
etal., 1991; Heck et al., 1992) and peptide-binding com-
petition experiments (Jones et al., 1990; Kaelin et al.,
1990) have demonstrated that this segment encodes a
high-affinity Rb-binding domain. Short peptides (9-14
residues) containing the Rb-binding domain from SV40 T
or papilloma virus E7 can compete against their full-
length counterparts for specific Rb-binding (Jones et al.,
1990; Kaelin et al., 1990), implying that a short segment
contains the necessary structural information to govern
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specific binding. In this report, we show that hydropho-
bic and electrostatic properties are strongly conserved in
this segment even though the nonconserved amino acids
vary considerably from one Rb-binding protein to an-
other. We present a diagnostic computer pattern for a
high-affinity Rb-binding domain containing the three
conserved residues as well as the common hydrophobic-
ity profile and specific charged-group requirements. Al-
though the pattern encompasses only 10 residues (with
only 4 of these explicitly defined) it exhibits 100% sensi-
tivity and 99.95% specificity in identifying high-affinity
Rb-binding proteins in database searches. In keeping with
the peptide competition experiments, this implies that a
certain pattern of structural and physico-chemical prop-
erties encoded by this short sequence is sufficient to gov-
ern specific Rb-binding. We also hypothesize that the
secondary structural conformation of the binding domain
is important for effective Rb binding, and we present ev-
idence in support of this idea.

Results

Diagnostic pattern for a high-affinity
Rb-binding domain

A diagnostic pattern for a high-affinity Rb-binding do-
main incorporating elements of primary structure, hydro-
phobicity, and electrostatic charge is shown in Figure 1.
This pattern was developed by analyzing sequences of 21
known high-affinity Rb-binding proteins (Table 1A). A
control set of non-Rb-binding proteins was used to max-
imize the pattern’s specificity and included the entire
Swissprot-22 database and a set of nine mutant viral pro-
teins (Table 1B). The pattern was refined with the assis-
tance of the artificial intelligence pattern-induction
program, ARIEL (Lathrop et al., 1990; Zhu et al., 1990),
running on a massively parallel supercomputer, the Con-
nection Machine 2. The program refines the pattern by
simultaneously optimizing both the pattern’s sensitivity
and specificity. Local hydrophobicity profiles for each of
the sequences were generated using Eisenberg’s hydropho-
bicity scale (Rees et al., 1989) with a smoothing algorithm.
A simple weighted average (2:11:2) was found to be op-
timal for smoothing, with the value assigned to the mid-
dle residue. The pattern’s sensitivity was 100% and
specificity 99.95% . None of the nine known nonbinding
mutants in the control set were detected by the pattern.

The pattern (Fig. 1) matches to the cellular Rb-binding
proteins RBP-1 and RBP-2 (Defeo-Jones et al., 1991) but
does not match to c-myc or E2F. Although c-myc binds
Rb, the interaction is weak (Rustgi et al., 1991), and the
sequen.e similarity between c-myc and the other Rb-bind-
ing proteins is distant (Figge et al., 1988). The gene en-
coding E2F, a cellular transcription factor, has recently
been cloned (Helin et al., 1992; Kaelin et al., 1992), and
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Fig. 1. Diagnostic pattern of a high-affinity retinoblastoma (Rb)-binding
domain. Invariant amino acids are shown in single letter code. Alter-
nate residues at a given position are grouped within brackets. The X’s
represent any residue except lysine or arginine. A net charge of <~—1
occurs within three residues amino-terminal to the conserved leucine,
indicating that at least one glutamic or aspartic acid residue is found in
that region. The cross-hatched bars represent regions where minima oc-
cur in the hydrophobicity profile, and the solid bar shows the region
where a hydrophobicity maximum occurs. In most Rb-binding proteins
there is an acidic domain carboxy-terminal to the binding domain, sep-
arated by a spacer of variable length (denoted by . . .). Both the Rb-bind-
ing domain and the acidic domain are required for the full transforming
function of the viral proteins (Barbosa et al., 1990; Firzlaff et al., 1991).

its product also binds Rb. The Rb-binding domain of E2F
was mapped to an 18-amino acid segment (Helin et al.,
1992) that does not contain a match to our pattern. Be-
cause E1A and E7 sequences can displace E2F from Rb
(Bandara & La Thangue, 1991; Helin et al., 1992; Kae-
lin et al., 1992), these results suggest three possible mod-
els: (1) E1IA/E7 and E2F may bind to separate sterically
interfering sites on Rb; (2) EIA/E7 may bind to and sta-
bilize Rb in a particular conformation that excludes E2F
from binding at another site; or (3) E1IA/E7 may compete
with E2F for binding to the same site within Rb via par-
tially related or entirely different sequence motifs (see Dis-
cussion). Similar models apply to the c-myc interaction
with Rb.

Of note, the pattern (Fig. 1) matches to the E7 proteins
from 12 of 14 human papillomavirus strains in the Swiss-
prot-22 database (strains 1A, 2A, 5, 8, 16, 18, 31, 33, 39,
45, 47, and 57). A number of these (strains 16, 18, 31, 33,
39, and 45) are known to be associated with carcinoma
of the cervix in humans (Gage et al., 1990; Howley, 1991).
The pattern does not match two strains (6b and 11) that
are associated with benign lesions that rarely progress to
malignancy. The oncogenic strains contain the sequence
DLXCXE, whereas the nononcogenic types encode the
sequence GLXCXE. In keeping with our pattern, Heck
et al. (1992) have shown that the interchange of G for D
in the indicated position decreases the affinity of the E7
protein for Rb.

Even though the pattern appears to have a low infor-
mation content, it defines a highly specific, conserved
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Table 1. Binding domains and flanking sequences®

Protein

Sequence

Reference

A. Wild-type (wt) and mutant high-affinity retinoblastoma (Rb)-binding proteins

SV40 T antigen (wt)
E1A/T hybrid
Mouse Py (wt)
Monkey LPV (wt)
Baboon SA12 (wt)
JCV (wt)

BKYV (wt)

HPV E7 (strain 16, wt)
HPV E7 (strain 18, wt)
E7-Ala

E7-Asp

E7-Gln

Delta-EDE

S31-Arg

S32-Trp
S31,32-Arg/Pro
E35,D36-Asp/His
E1A (strain 2,5, wt)
NCdl

CTdl 940

RBP-1 (wt)

-NEENLFCSEEMPSSDDEATA-
~VIENLFCSEEMPSSDDEATA~
-EQPDLFCYEEPLLSPNPSSP-
-CCDDLFCSETMSSSSDEDTP-
~WDEDLFCHEDMFQSDE~
-WDEDLFCHEEMFASDDENTG-
-WDEDLFCHEDMFASDEEATA-
-ETTDLYCYEQLNDSSEEEDE-
-IPVDLLCHEQLSDSEEENDE-
~-ETTDLYCYEQLNDAAEEEDE~
~-ETTDLYCYEQLNDDDEEEDE-
-ETTDLYCYEQLNQSSQQQQQ-
~-ETTDLYCYEQLNDSSEEIDG-
-ETTDLYCYEQLNDRSEEEDE-
-ETTDLYCYEQLNDSWEEEDE-
-ETTDLYCYEQLNDRPEEEDE-
~ETTDLYCYEQLNDSSEEDHE-
~-EVIDLTCHEAGFPPSDDEDE-
-FPPDLTCHEAGFPPSDDEDE~-
~-EVIDLTCHEAL-[COOH]
~GPETLVCHEVDLDDLDEKDK-

B. Mutant non-Rb-binding sequences

T antigen mutants
K1
PVUI
C105D114

E7 mutants
E26-Q
C24-Gly
E26-Gly
Delta-DLYC

E1A mutants

928
CTdl 934

-NEENLFCSKEMPSSDDEATA-
-NEENLFCYDEATADSQHSTP-
~NEENLFGSEEMPSSDKEATA-

~ETTDLYCYQQLNDSSEEEDE-
-ETTDLYGYEQLNDSSEEEDE-
-ETTDLYCYGQLNDSSEEEDE-
-ETTYEQLNDSSEEEDEIDGP-

-EVIDLTGHEAGFPPSDDEDE-
~EVIDLTCHL- [ COOH]

DeCaprio et al., 1988
Moran, 1988
Dyson et al., 1990
Dyson et al., 1990
Dyson et al., 1990
Dyson et al., 1990
Dyson et al., 1990
Munger et al., 1989
Munger et al., 1989
Firzlaff et al., 1991
Firzlaff et al., 1991
Firzlaff et al., 1991
Munger et al., 1989
Barbosa et al., 1990
Barbosa et al., 1990
Barbosa et al., 1990
Barbosa et al., 1990
Whyte et al., 1989
Whyte et al., 1989
Whyte et al., 1989
Defeo-Jones et al., 1991

DeCaprio et al., 1988
DeCaprio et al., 1988
DeCaprio et al., 1988

Munger et al., 1989
Barbosa et al., 1990
Barbosa et al., 1990
Munger et al., 1989

Moran, 1988
Whyte, 1989

2 Bold letters denote conserved signature sequences.
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structure with a characteristic charged-group profile.
First, a Glu or Asp appears one to three residues before
the conserved Leu. Second, a conserved Glu is found four
residues C-terminal to the Leu. Third, no Lys or Arg res-
idues are found. These conserved features suggest that
electrostatic interactions are required for binding to Rb
(Jones et al., 1990; Breese et al., 1991). The hydropho-
bicity profile of this region demonstrates two local min-
ima flanking a region of maximum hydrophobicity,
suggesting that a hydrophobic interaction may also be in-
volved in Rb binding. Only three residues are absolutely
conserved, and a fourth residue is characterized by a two-
carbon hydrophilic side chain (Asp, Asn, or Thr). In ad-
dition to these criteria, it has been suggested that the
secondary structural conformation of the binding domain
may be a condition of the interaction with Rb (Jones et al.,
1990; Breese et al., 1991).

Binding studies on a proline-substituted
SV40 T antigen mutant

To determine whether there are conformational constraints
that govern the ability of a peptide to competitively bind
Rb, we designed a peptide derivative of SV40 T conform-
ing to the pattern in Figure 1 but containing prolines in
two of the nonconserved positions (Table 2, peptide P2).
It was expected that the prolines, due to their unique con-
formational properties, might prevent the peptide from
assuming its active binding conformation. This peptide
was compared with a wild-type SV40 T-derived peptide
(wt), a nonbinding mutant analog (K1), an unrelated
peptide (X), and bovine serum albumin (BSA) in a com-
petitive binding assay (Table 2). The assay employs a
recombinant Rb/glutathione S-transferase (Rb/GST) hy-
brid protein (Kaelin et al., 1991), encoded by the plasmid
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Table 2. Competitive Rb-binding assay?

Competitor Relative amount of
peptide/protein Peptide sequence bound ¥S T
wt  (0.70 mM) ENLFCSEEMPSSDDE 0
(0.35 mM) 12
K1 (1.0 mM) ENLFCSKEMPSSDDE 1,522
P2 (1.0 mM) ENLPCPEEMPSSDDE 880
X (1.5 mM) SRALTPSPVMVLENIEPE 853
BSA (1.0 mM) 1,000

@ The peptides were synthesized as described in Materials and meth-
ods. The primary peptide sequences were confirmed by automated gas-
phase sequencing. Competitive Rb-binding assays against radiolabeled
full-length SV40 T antigen were carried out as described in Materials and
methods. The table gives the relative amount of radiolabeled T bound
to Rb/glutathione S-transferase in the presence of the indicated com-
petitor. The wild-type (wt) peptide is a known strong competitor and
serves as a positive control. K1, bovine serum albumin (BSA), and an
unrelated peptide (X) are weak competitors and serve as negative con-
trols. The results have been normalized such that BSA was set to 1,000.

pGEX2T-RB(379-792). The Rb/GST hybrid protein re-
tains the ability to specifically bind SV40 T antigen, E1A,
and E7 proteins. The hybrid protein also can be immo-
bilized by binding to glutathione/Sepharose 4B beads,
making it a convenient reagent to use in a competitive
binding assay (Kaelin et al., 1991). A mutant Rb/GST se-
quence, encoded by the plasmid pGEX2T-RB(379-792;
DL 573-645), was used as a negative control and failed to
bind radiolabeled T antigen as expected (Kaelin et al.,
1991, data not shown).

The first peptide (Table 2, peptide wt), a 15-residue
wild-type segment of SV40 T antigen containing the Rb-
binding domain, competes strongly with intact, full-length
radiolabeled T antigen for binding to the hybrid Rb/GST
protein. The second peptide (Table 2, peptide K1) con-
tains a single point mutation (Glu to Lys) known to in-
activate Rb binding (DeCaprio et al., 1988) and is the
weakest competitor in the series. Likewise, the other neg-
ative controls (Table 2, peptide X and BSA) show only
weak competitor activity. The P2 peptide also fails to
compete effectively for Rb binding (Table 2). Because the
P2 peptide conforms to the pattern in Figure 1 and has
appropriate hydrophobicity and charged-group profiles,
these results imply that the prolines prevent the peptide
from assuming the optimal Rb-binding conformation.
Thus, the secondary structure propensity of a peptide may
be a factor in determining its ability to bind Rb.

Model of secondary structure
conformational propensities

If the secondary structure propensity of a peptide is an
important factor that contributes to its Rb-binding spec-
ificity, then we would expect that secondary structural
profiles for diverse Rb-binding sequences would exhibit
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common elements. To test this hypothesis, we used a new
conformational filtering algorithm (Vajda, 1992) to gen-
erate profiles of statistically probable conformations for
peptide sequences in our function set (Table 1A), as well
as for other test sequences such as the P2 peptide (Table 2).
In this method, conformational constraints are established
based upon a statistical analysis of local interactions
among first, second, and third nearest-neighbor residues
in known protein structures (Vajda, 1992; see Materials
and methods). This analysis results in the assignment of
one or more allowed conformational states to each resi-
due in the sequence. These assignments are given in terms
of the 16 regions in the (¢, ¥) map of Zimmerman et al.
(1977). The resulting conformational profile gives infor-
mation about structures that are stabilized by local inter-
actions, and reflects the intrinsic propensity of the
sequence to form secondary structure. Thus, the method
is particularly suitable for the analysis of short linear pep-
tides that usually exist in solution as ensembles of rapidly
interconverting conformers (Dyson & Wright, 1991), and
it has been successfully employed to predict the NMR
structures of a number of peptides (Vajda, 1992).

Secondary structure models were developed for all 21
high-affinity Rb-binding peptide sequences (Table 1A).
The Rb-binding sequences show flexibility in conforma-
tion through the Rb-binding domain, but alpha-helix is
the most probable conformation in this region for all 21.
This result is illustrated in Figure 2, which gives upper and
lower boundaries on the position-specific probability of
alpha-helix (Zimmerman region A) for the group of 21
Rb-binding sequences. These boundaries are delineated
by the solid black lines (results are given for the first 14
residues only). In the region of the conserved signature
sequence (L X C X E) there is a window with at least 40%
alpha-helical probability predicted for all 21 binding se-
quences. In contrast, the helical probability exhibits very
large variability in the rest of the chain, changing from
0% to 100% depending upon the particular amino acid
sequence. Thus, although these peptide sequences would
all be expected to demonstrate flexibility in solution, our
model predicts that they share a common intrinsic pro-
pensity to form alpha-helical structure in the signature se-
quence region.

In the next section (see below), we present experimen-
tal evidence that our conformational filtering technique
gives reliable predictions of alpha-helical content when
applied to peptides containing the Rb-binding signature
sequence. Thus, we expect that the alpha-helical proba-
bility boundaries (solid black lines) in Figure 2 could be
used as a discriminator for determining whether candidate
sequences might bind Rb. As an initial test of this, the
conformational profile of a proline-substituted T antigen
sequence (NEENLPCPEEMPSSDDEATA) was also
plotted on the graph (Fig. 2, dotted line). The alpha-helical
profile for the proline-substituted sequence falls far be-
low the 40% probability level in the signature sequence
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Fig. 2. Alpha-helical probability profile of 21 Rb-binding sequences and
one nonbinding mutant. Position-specific probabilities for Zimmerman
region A (alpha-helical) were calculated according to the conformational
filter of Vajda (1992) (see Materials and methods) for each of the 21 high-
affinity Rb-binding peptide sequences shown in Table 1A. The result-
ing probability profiles were plotted against amino acid position, and
the lower and upper boundaries of the plots were determined for each
position. Figure 2 depicts these lower and upper probability boundaries
as solid black lines (results for only the first 14 residues are shown). These
lines define a window of alpha-helical probabilities that are common to
all of the binding sequences. The position of the conserved signature se-
quence in the binding domain (L X C X E} is given above the plot for
orientation. In the region of the signature sequence, all 21 binding se-
quences are calculated to have at least 40% alpha-helical probability.
The profile of a proline-substituted SV40 T antigen derivative sequence
(NEENLPCPEEMPSSDDEATA) is plotted as a dotted line and falls
significantly below the window in the region of the conserved signature
sequence.

region. This difference in the conformational profile in
the signature sequence region might, at least in part, be
related to the reduced Rb-binding affinity of the P2 pep-
tide (Table 2). The conformational properties of the pro-
lines may reduce the probability that the peptide will
assume an optimal conformation that is needed to inter-
act with the Rb pocket.

CD spectroscopy of peptides containing
Rb-binding domains: Comparison with
conformational filtering results

To test the validity of our secondary structure filtering
technique as applied to peptides containing an Rb-binding
domain, we have modeled the secondary structure of three
such peptides (Table 3) and have compared the predic-
tions with the results of CD spectroscopy. We asked
whether the filtering technique could be used to predict
the overall alpha-helical content of a peptide as docu-
mented by its CD spectrum in an appropriate chemical en-
vironment. As noted above, the conformational filtering
technique generates position-specific predictions of alpha-
helical probability. To translate these data into the pre-
dicted net alpha-helical content of the peptide, we perform
a Monte Carlo simulation in which 1 million possible
conformations are randomly generated using the position-

159

Table 3. Predicted alpha-helical content of three peptides
containing Rb-binding domains: comparison with
CD spectral analyses®

Alpha-helical content (%)

Peptide sequence Predicted CD result
NLFCSEEMPSSDDE-amide 20.6 18

NAFNEENLFCSEEMPSSDDEATA-amide 40.8 40

acetyl-AETAAADLLCHEQLS-amide 89.1 82

2 Probable alpha-helical regions and net alpha-helical content of
three peptides containing an Rb-binding domain. The first two peptides
are segments from SV40 T antigen. The third peptide contains an alpha-
helical seed (AETAAA) followed by a segment from human papilloma
virus strain 18 E7. The analysis is based upon a statistical treatment of
local interactions among first, second, and third nearest-neighbor resi-
dues in known protein structures (Vajda, 1992; see Materials and meth-
ods). Residues calculated to have at least a 40% probability of being in
an alpha-helical conformation (Zimmerman region A) are underlined.
The overall net alpha-helical character of the peptide was predicted with
a Monte Carlo simulation (see text). The CD analyses were performed
in 90% 2,2,2-trifluoroethanol (see Breese et al., 1991; Figs. 3, 4). The
first two peptides were studied at 4 degrees C and the third was studied
at room temperature. Alpha-helical content was derived from an anal-
ysis of each CD spectrum (Manavalan & Johnson, 1987; Johnson, 1990).

specific probability values for each of the allowed Zimmer-
man regions. Each generated conformation is analyzed for
fractional alpha-helical content (an alpha-helix is defined
as at least three contiguous residues in the Zimmerman re-
gion A state). The net alpha-helical character is then cal-
culated by averaging the fractional alpha-helical content
of all 1 million generated conformations. This method as-
sumes that the peptide exists as an ensemble of rapidly in-
terconverting conformers. The Monte Carlo method is a
statistical approach to simulate such a population of con-
formers. The method further assumes that an alpha-helix
is stabilized by intramolecular forces (hydrogen bonding
and charged-group effects). The results of this analysis are
then compared to the CD spectrum of the peptide in an ap-
propriate chemical environment. The CD spectrum can be
analyzed to determine the net alpha-helical content of the
peptide (Manavalan & Johnson, 1987; Johnson, 1990).
For CD spectroscopy, the peptides are studied in 90%
2,2,2-trifluoroethanol (TFE), usually at 4 °C. These con-
ditions are selected to maximally stabilize intramolecular
hydrogen bonding and provide experimental conditions
that are appropriate for testing our model, which is based
on the assumption that short-range intramolecular forces
will govern the peptide’s structure. Low temperature and
TFE stabilize intramolecular hydrogen bonding and pro-
mote secondary structure formation in short peptides
{Brown & Klee, 1971; Nelson & Kallenbach, 1986, 1989;
Dyson et al., 1988; Zhong & Johnson, 1992). Both alpha-
helices (Brown & Klee, 1971; Nelson & Kallenbach, 1986)
and beta structure (Lintner et al., 1977; Barrow & Zagor-
ski, 1991) can be stabilized in peptides in aqueous TFE
solutions. TFE appears to stabilize the structure for which
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a peptide has intrinsic propensity (Zhong & Johnson,
1992).

The first peptide (Table 3) studied by the above ap-
proach is a 14-amino acid peptide amide containing the
Rb-binding domain of SV40 T antigen (NLFCSEEMPS
SDDE-amide). As shown in Table 3, this peptide is pre-
dicted to be 20.6% alpha-helical when stabilized by local
intramolecular forces. The peptide was previously studied
in 90% TFE at 4 °C (Breese et al., 1991) and was found
to be 18% alpha-helical, in good agreement with the pre-
dicted value.

The second peptide (Table 3) is a 23-amino acid segment
of SV40 T antigen that encompasses the first peptide se-
quence (NAFNEENLFCSEEMPSSDDEATA-amide). It
was expected that the 23-residue peptide would exhibit
increased alpha-helical character for two reasons. First,
there are now two glutamic acid residues in the amino-
terminal region that might stabilize the helical macrodipole
(Collawn & Paterson, 1990) of a potential alpha-helical
region encompassing the signature sequence LXCXE. Sec-
ond, there are two alanine residues in the carboxy-terminus
that might stabilize an alpha-helical structure in that re-
gion. The Monte Carlo simulation for this peptide also
predicts an increased alpha-helical content of 40.8%.

To test the above theoretical considerations, the 23-
amino acid peptide was synthesized as a carboxy-termi-
nal amide and was then purified to homogeneity by
preparative reverse-phase high performance liquid chro-
matography (HPLC). The primary structure was con-
firmed by automated gas-phase sequencing on a Porton
2090E system, and by plasma desorption mass spectrom-
etry. The latter revealed a single positive quasimolecular
ion at m/z 2,551.7 = 1.0. The calculated isotopically av-
eraged mass of the [M + H]* species for this peptide is
2,550.7.

The CD spectrum was collected at 4 °C in 90% TFE
from 290.0 to 182.4 nm at 0.2-nm decrements and is
shown in Figure 3. The spectrum was analyzed with the
variable selection method of Manavalan and Johnson
(1987) to obtain estimates of each type of secondary struc-
ture present in the sample. The analysis yielded: 40% al-
pha-helix, 15% anti-parallel beta-sheet, 26% turn, and
20% other. Thus, the alpha-helical content is in excellent
agreement with that predicted by our model.

As a further test of our conformational filter model,
we sought to design a peptide containing an Rb-binding
domain that would exhibit a very high alpha-helical con-
tent even at room temperature. Our modeling results with
the sequences in Table 1A suggested that the papilloma
virus strain 18 E7 sequence had the strongest alpha-heli-
cal propensity through the Rb-binding domain. Accord-
ingly, we designed a sequence with a potent helical seed,
AETAAA (Mitchinson & Baldwin, 1986), linked to a seg-
ment of the papilloma virus 18 E7 protein sequence. This
yielded the following 15-residue peptide design (Table 3,
peptide 3): acetyl- AETAAADLLCHEQLS-amide. The
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Fig. 3. CD spectrum of a peptide segment of T antigen. The CD spec-
trum of the peptide NAFNEENLFCSEEMPSSDDEATA -amide (cor-
responding to simian virus 40 [SV40] large T antigen residues 96-118)
was recorded at 4 °C in agueous 90% (v/v) 2,2,2-trifluoroethanol (TFE).
The peptide concentration was 0.083 mg/mL. Data are displayed from
260.0 nm to 182.4 nm and are expressed as mean residue ellipticity, [8]
(deg cm? dmol "), calculated using 22 peptide amide bonds. The sec-
ondary structure composition of the peptide under these conditions was
estimated with the variable selection program of Manavalan and John-
son (1987), which gave the following results (+ SEM): 40 + 5% alpha-
helix, 15 + 4% antiparallel beta-sheet, 26 + 0.4% turn and 20 + 0.8%
other.

net helical content of this peptide was predicted to be
89.1% using the Monte Carlo technique.

To determine whether the designed 15-mer would have
a high helical propensity as predicted, the peptide was
synthesized and purified to homogeneity. The primary
structure was confirmed with quantitative amino acid
analysis and with plasma desorption mass spectrometry
(sequencing was not attempted because of the blocked
N-terminus). The mass spectrometric analysis revealed
positive quasimolecular ions at m/z 1,614.3 + 1.0 and
1,636.6 = 1.0. These correspond to the [M + H]* and
[M + Na] ™ species, which have expected isotopically av-
eraged masses of 1,613.8 and 1,635.8, respectively.

The CD spectrum of the 15-mer was obtained at room
temperature in 90% TFE from 290.0 nm to 186.0 nm
and is shown in Figure 4. The spectrum shows diagnostic
features of an alpha-helix including double minima near
208 nm and 222 nm, and a maximum near 191 nm. Anal-
ysis of the spectrum with the variable selection program
of Manavalan and Johnson (1987) yielded an alpha-heli-
cal content of 82%, in close agreement with the predicted
value. To determine whether peptide aggregation might
be a factor in the stabilization of the alpha-helix, the CD
spectrum was recorded with peptide concentrations of
0.0046 mg/mL (2.8 uM), 0.046 mg/mL (28 uM), and 0.46
mg/mL (280 uM) in 90% TFE. The mean residue ellip-
ticity was determined at 222 nm for each concentration
(—28.4, —30.6, and —30.0 [10? deg cm? dmol '], respec-
tively) and was plotted as a function of the logarithm of
the micromolar concentration. The slope (+SE) of the re-
gression line (—0.80 + 0.81) is not significantly different
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Fig. 4. CD spectrum of a helical seed sequence linked to the Rb-bind-
ing domain of the human papilloma virus strain 18 E7 protein. The CD
spectrum of the peptide acetyl-AETAAADLLCHEQLS-amide was re-
corded at room temperature in aqueous 90% (v/v) TFE. The peptide
concentration was 0.046 mg/mL. Data are displayed from 260.0 nm to
186.0 nm and are expressed as mean residue ellipticity, [0] (deg cm?
dmol™"), calculated using 14 peptide amide bonds. The peptide con-
tains the helical seed sequence, AETAAA (Mitchinson & Baldwin, 1986),
linked to the Rb-binding domain of the human papilloma virus strain
18 E7 protein. The alpha-helical composition of the peptide under these
conditions was estimated with the variable selection program of Manava-
lan and Johnson (1987), which gave a value (+SEM) of 81.5 + 0.7%
alpha-helix.

from zero. Thus, there is no evidence for a systematic
concentration-dependent aggregation effect.

Discussion

In this report we have developed a diagnostic pattern for
a high-affinity Rb-binding domain. This pattern has both
high sensitivity and specificity. The pattern can effectively
identify cellular Rb-binding proteins such as RBP-1 and
RBP-2, which are known to bind with high affinity
(Defeo-Jones et al., 1991). Thus, the pattern should serve
as a useful tool for the identification of other high-affin-
ity binding proteins (e.g., by screening predicted protein
sequences from cloned genomic DNA segments). In ad-
dition, the pattern can effectively discriminate between
human papilloma virus strains with high and low Rb-
binding affinity. This has significant implications in terms
of the oncogenicity of those viruses (Heck et al., 1992).
The pattern can also be used to identify weak Rb-bind-
ing proteins if one allows partial matches. The nononco-
genic E7 proteins from papilloma virus strains 6b and 11
have one mismatch. A mutant RBP-1 protein with a Cys
to Ala mutation in the binding domain still binds Rb, al-
though weakly (Defeo-Jones et al., 1991). The product of
the c-myc gene also binds Rb weakly through an amino-
terminal domain (Rustgi et al., 1991). The pattern has
partial matches to regions in the amino-terminus of c-
myc, although the exact sequences responsible for bind-
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ing await experimental determination. The pattern also
has a partial match to the Rb-binding sequence of E2F (L
X E X E), another Rb-binding protein, but the signifi-
cance of this partial match also awaits further experimen-
tal investigation.

When one reviews Table 1A and the RBP-2 sequence,
it can be seen that there is no obvious conservation of res-
idues in the positions flanking the conserved Cys. For ex-
ample, the residue just amino-terminal to the Cys can be
Phe, Tyr, Leu, Thr, or Val. The residue following the Cys
can be Ser, Tyr, His, or Asp (the latter is in RBP-2). There
are no obvious patterns that would explain these allowed
substitutions. However, in this report, we propose that
the common feature is that these residues all result in a
similar alpha-helical propensity profile (Fig. 2), while at
the same time they maintain the proper hydrophobic and
electrostatic environment (Fig. 1). Our data derived from
binding studies with a proline-substituted peptide (Table 2)
support the idea that secondary structural propensity is
important for the ability of a peptide to bind Rb. For ex-
ample, the ability to assume a certain conformation might
be important for a peptide’s initial interaction with the
Rb-binding pocket. The prolines, due to their unique con-
formational properties, might prevent the peptide from
assuming its active binding conformation.

To model the secondary structure propensity in the
binding domain, we have devised a new approach that in-
corporates a statistical filtering tool (Vajda, 1992). The
statistical filtering algorithm is based on nearest-neighbor
interactions extracted from 43 small proteins with known
X-ray structures. In short peptides, such as the ones em-
ployed here, structural conformations are largely dictated
by short-range interactions as well as by interactions with
the environment (e.g., the solvent) (Dyson & Wright, 1991;
Zhong & Johnson, 1992). Thus, our statistical filtering
approach is particularly suitable for the analysis of short
peptides. The method correctly identifies the state of 79%
of residues in the set of 43 small proteins when all con-
formational states of 5% or higher probability are in-
cluded. In addition, it correctly predicts the conformation
of a set of peptides with known NMR structures (Vajda,
1992). We have presented data in this report (Table 3)
showing that the method is also useful in predicting the
alpha-helical content of Rb-binding peptide sequences
in an appropriate chemical environment, and the results
compare favorably with those determined by CD spec-
troscopy (see below).

The result of the statistical filtering algorithm sets
boundaries on the alpha-helical probabilities for residues
in the Rb-binding domain (Fig. 2). The profile of the pro-
line-substituted peptide falls significantly outside of the
boundaries, as expected. This suggests that the conforma-
tional properties of the prolines prevent that peptide from
effectively interacting with Rb.

We have further tested the validity of the statistical fil-
ter by synthesizing a panel of three peptide amides con-
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taining the Rb-binding domain of SV40 T antigen or of
the papilloma virus E7 protein. Using CD spectroscopy,
we have shown that these peptides can assume different
levels of alpha-helical structure in TFE, ranging from ap-
proximately 20% to 80%. These results are in accord with
the prediction of our model (see Table 3). The model pre-
dictions are based on a Monte Carlo method that trans-
lates position-specific probabilities into net alpha-helical
content by generating a large number of probable confor-
mations. TFE has been used to stabilize other alpha-helix
forming peptides (Brown & Klee, 1971; Dyson et al.,
1988; Nelson & Kallenbach, 1986, 1989). TFE is a hydro-
philic solvent that tends to stabilize intramolecular hydro-
gen bonding and stabilizes the secondary structure for
which a sequence has propensity (Zhong & Johnson,
1992).

It is of course not known whether an Rb-binding pep-
tide’s active structure is induced upon interaction with Rb,
is a precondition, or is a combination. We propose that
the peptide’s Rb-binding domain must be in a certain con-
formation during effective interaction with Rb. This con-
formation could serve to orient the conserved Leu, Cys,
and Glu residues into the proper three-dimensional align-
ment that is required to bind Rb. Prolines may render it
improbable to achieve the appropriate conformation. OQur
statistical conformational profile suggests that the active
binding conformation has an element of alpha-helix. We
plan to test this model in future studies by using the the-
oretical modeling approach presented in this paper to de-
sign a larger series of peptides with differing alpha-helical
propensities. These can be studied to determine their equi-
librium binding constants.

Materials and methods

Peptide synthesis

A peptide amide NAFNEENLFCSEEMPSSDDEATA-
amide) corresponding to SV40 large T antigen residues
96-118 was synthesized with solid-phase methods and pu-
rified to homogeneity by preparative reverse-phase (RP)-
HPLC. The synthesis was performed by Multiple Peptide
Systems (San Diego, California). Homogeneity was ver-
ified by analytical RP-HPLC using a linear gradient of
5-60% acetonitrile in water containing 0.05% trifluoro-
acetic acid on a Vydac C-18 column, Absorbance was
monitored at 215 nm. The primary structure was con-
firmed by automated gas-phase sequencing on a Porton
2090E system and by plasma desorption mass spectrom-
etry (BIOION 20 Analyzer) using a 252-Cf source (Sund-
qvist et al., 1984). Peptides used for competitive binding
assays were synthesized in a similar fashion by Research
Genetics, Huntsville, Alabama, and were confirmed by
automated gas-phase sequencing. A hybrid peptide con-
taining an alpha-helical seed sequence linked to the Rb-
binding domain of the human papilloma virus strain 18
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E7 protein (acetyl- AETAAADLLCHEQLS-amide) was
synthesized and purified to homogeneity by Dr. Richard
J. Ridge at Woods Hole, Massachusetts. This peptide was
confirmed by quantitative amino acid analysis and plasma
desorption mass spectrometry. All peptides were stored
under argon prior to use to avoid oxidation.

CD spectroscopy

CD spectra were recorded on a Jasco J-720 spectropolar-
imeter using 0.20-mm to 2.0-mm pathlength cells. The cell
was mounted on a temperature-controlled block. Peptides
were dissolved in 90% (v/v) TFE (NMR grade; Aldrich)
and 10% water. Peptide concentrations were determined
by quantitative amino acid analyses. The instrument was
calibrated with D-10 camphorsulfonic acid. CD data were
recorded within the wavelength range of 290.0 nm to
180.0 nm at 0.2-nm decrements with a scan speed of 20
nm/min, a 1.0-nm band width, and an averaging time
of 0.5 s. Scans were terminated when the voltage exceeded
550 V. Five scans of each sample and solvent were taken
at a specified temperature, and the averaged, baseline-
corrected spectra were smoothed with a Savitzky-Golay
(Savitzky & Golay, 1964) filter. Data are expressed as
mean residue ellipticity, {8] (deg cm?® dmol '), calculated
using the number of peptide amide bonds. Spectra were
analyzed with the variable selection program of Manava-
lan and Johnson (1987) as described by Johnson (1990).

Competitive Rb-binding assay

The hybrid Rb/GST protein, encoded by the plasmid
pGEX2T-RB(379-792) (Kaelin et al., 1991), was produced
in bacteria and harvested with glutathione/Sepharose 4B
beads as previously described (Kaelin et al., 1991). The
Rb/GST bead complexes were then incubated with 3S-
labeled extracts of SV40-transformed human lung fibro-
blast cells (AG2804C) that express full-length SV40 T anti-
gen. The incubation was carried out either in the presence
or absence of cold competing peptides or BSA at 4 °C for
1 h in EBC buffer (50 mM Tris-HCI [pH 8.0], 120 mM
NaCl, 0.5% NonidetP-40, aprotinin [10 ug/mL], leu-
peptin [10 ng/mL], phenylmethylsulfonyifluoride {10 ng/
mLY]). The binding of radiolabeled T antigen to the immo-
bilized Rb/GST protein was monitored by eluting bound
proteins off the beads, followed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and autoradiog-
raphy. The relative amount of labeled T antigen bound
was determined by densitometry and was standardized
against the level bound in the presence of 1.0 mM BSA,
which was set to a level of 1,000.

Conformational filtering

Conformational filtering is based on dividing the (¢, ¥)
map of each residue into the 16 regions (Zimmerman
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et al., 1977) and using these regions as conformational
states. The number of candidate states for each residue
of a sequence is reduced by a series of conformational fil-
ters. In each filter we use a well-defined set of assump-
tions to estimate the probabilities of conformational
states and eliminate a state if its estimated probability is
below an acceptance probability p,. The resulting state
assignment is not necessarily unique but provides infor-
mation that can be further exploited in searches for the
detailed tertiary structure. The method is particularly well
suited for the analysis of short linear peptides. The struc-
ture of such peptides is predominantly determined by lo-
cal interactions, and they usually exist in solution as
ensembles of rapidly interconverting conformers (Dyson
& Wright, 1991). Retaining all states with nonnegligible
conformational probabilities, filtering generates an entire
ensemble of conformers and provides information on the
expected structural variability of peptide segments. If there
are dominant conformational states for all residues of a
segment, then the structure is well defined by local inter-
actions alone and is likely to be preserved when the segment
is isolated from the rest of the chain. Conversely, a seg-
ment with large structural variability may adopt a variety
of conformations in solution or in a protein environment.

Let p/”,i=1,...,16 denote the probabilities of the 16
conformational states for the mth residue. The simplest
filters are based on the use of forward and backward
Markov models in which the probability of a state for a
residue depends only on the state of the nearest neighbors
of that residue. Extracting doublet data from the X-ray
structures of 43 small proteins (Lambert & Scheraga,
1989), we established transitional probabilities for the
400 residue pairs (Vajda, 1992). For example, p(Ala/"*!|
Gly7") denotes the normalized frequency of an Ala resi-
due in state i when it is preceded by a Gly residue in state
J. More generally, we compile 400, 16 x 16 forward Mar-
kov matrices with elements of the form 7} = p(R/"*!|
R7™). The same information is arranged in form of back-
ward Markov matrices 7.7 = p(R/""'|R}"). These matri-
ces are the input data for predicting the probability
distributions for the residues of a particular sequence by
repeated application of the forward and backward tran-
sition formulas p”*! = T”p” and p”~! = T p” to ob-
tain forward and backward probabilities for each residue.
The starting probability p' is an eigenvector of the ma-
trix T,T,...TaTa_1... T,T;. Notice that in spite of
using only nearest-neighbor interactions, changes in prob-
abilities of any residue progress along the entire chain.
Further filters were implemented by generating and select-
ing acceptable conformations for overlapping tripeptide
and tetrapeptide fragments.

Conformational constraints for each residue are
formed by rejecting any state if its estimated probability
is below the acceptance level p, = 5% in any of the fil-
ters. While the prediction is rarely unique (i.e., several
states are retained), the conformational degrees of free-
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dom are reduced by a factor of two on the average for
each residue. The method has been tested in a cross-vali-
dation study on the 43 proteins, in ¢ach step deleting the
protein to be predicted from the learning set. At p, =
5% the prediction is correct for 79% of all residues.
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