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Abstract: Rational redesign of the binding pocket of Cellular Retinoic Acid Binding Protein 1l (CRABPII)
has provided a mutant that can bind retinal as a protonated Schiff base, mimicking the binding observed
in rhodopsin. The reengineering was accomplished through a series of choreographed manipulations to
ultimately orient the reactive species (the e-amino group of Lys132 and the carbonyl of retinal) in the proper
geometry for imine formation. The guiding principle was to achieve the appropriate Burgi—Dunitz trajectory
for the reaction to ensue. Through crystallographic analysis of protein mutants incapable of forming the
requisite Schiff base, a highly ordered water molecule was identified as a key culprit in orienting retinal in
a nonconstructive manner. Removal of the ordered water, along with placing reinforcing mutations to favor
the desired orientation of retinal, led to a triple mutant CRABPII protein capable of nanomolar binding of
retinal as a protonated Schiff base. The high-resolution crystal structure of all-trans-retinal bound to the
CRABPII triple mutant (1.2 A resolution) unequivocally illustrates the imine formed between retinal and the
protein.

Introduction a polypeptide sequence of desired conformation and function.
Desired elements, such as novel metal binding sites, have been
introduced into naturally occurring proteins in an attempt to
form catalytically active structurés#—3! A de nao protein
'design approach has also been used to produce small peptides
d and proteins that adopt predefined, even novel, secondary
structures>2° Our interest lies in using the rational protein

Protein design and engineering is becoming an area of rapidly
expanding interest since it was first introduced in the 1988s.
The ability to design and produce a protein possessing a specific,
desired function is a particularly powerful technique that will
no doubt make valuable contributions to the chemical an
biochemical industry, the field of medicine, and basic scientific
research. Over the years, several successful examples have beqps) Cheon, Y. H.: Park, H. S.: Kim, J. H.; Kim, .: Kim, H. Siochemistry
reported, leading to an increase in the understanding of protein 2004 43, 7413-7420.
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Baltzer L Nilsson, H.; Nilsson, £hem. Re. 2001, 101, 3153-3163.
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)
19
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)
19)

(17) Coldren, C. D.; Hellinga, H. W.; Caradonna, J.APoc. Natl. Acad. Sci.

T Current address: Biochemistry Department, University of Wisconsin, U.S.A. 1997 94 6635-6640.
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engineering approach to convert a small cytosolic protein, a
Cellular Retinoic Acid Binding Protein Il (CRABPII), into a )
system that can bind retinal as a Protonated Schiff Base (PSB)<~
mimicking the binding observed in rhodopsin and other reti-
nylidene forming proteins.

The presence of Schiff base (SB) intermediates has been
verified in a plethora of enzymatic reaction mechanisms that

include several, seemingly very different naturally occurring
systems such as decarboxyla®e®, aldolase$*35 hydroxy-
lases3® and transaminasé$Iin addition, a number of artificial

enzymatic systems have been developed that also employ the

use of SB chemistry. These include Baltzer's four-helix
bundled*38-40 and Benner’s and Allemann’s oxaldfés*s that

efficiently perform decarboxylations, small di- and tri-peptides
that catalyze direct asymmetric aldol reactions as reported by

Cordova and co-worker$,and Distefano’s pyridoxamines used
for transamination$>-%8 The latter system is of particular

Figure 1. (a) Twisting about the intervening singles bonds leads to disrupted
conjugation and a possible mode of wavelength regulation. (b) Varying
positions of either the counteranion or a “point charge” along the backbone

interest to us since it involves the design and engineering of of the polyene may also result in differing degrees of conjugation that results
specific enzymatic activity in the otherwise enzymatically inert in wavelength regulation. (c) Crystal structure of the CRABPII with retinoic

proteinic scaffold of a fatty acid binding protein that shares a

common fold with CRABPI®

acid bound.

the isomeric forms of vitamin A aldehyde (retinal) is the

However, among the SB forming systems the most well initiation step for a cascade of reactions that ultimately lead to
studied are the various opsins. These include the proteinsfunction for all the various opsins. Furthermore, the opsins are

involved in vision (rhodopsin, color opsit8)%3 and the other

unusual because the spectroscopic characteristics elicited from

opsin systems present in bacteria [bacteriorhodopsin (protonthe different systems bound to similar chromophores are unique.

pump)>*55halorhodopsin (halogen pumi$)and sensory rhodop-
sins (phototaxi$y*. The formation of a PSB between a
nucleophilic Lys residue in the protein’s interior and one of

(32) Highbarger, L. A.; Gerlt, J. A.; Kenyon, G. Biochemistryl996 35, 41—
46.
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(38) Allert, M.; Baltzer, L.Chem—Eur. J. 2002 8, 2549-2560.

(39) Allert, M.; Kjellstrand, M.; Broo, K.; Nilsson, A.; Baltzer, LJ. Chem.
Soc., Perkin Trans. 2998 2271-2274.
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365 530-532.
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2001, 11, 967-970.

(48) Tann, C. M.; Qi, D. F.; Distefano, M. BCurr. Opin. Chem. Biol2001, 5,
696-704.

(49) Ory, J. J.; Mazhary, A.; Kuang, H.; Davies, R. R.; Distefano, M. D;
Banaszak, L. JProtein Eng.1998 11, 253-261.

(50) Lythgoe, J. NHandbook of sensory physioladypringer: New York 1972;
Vol. 7, pp 604-624.

(51) Merbs, S. L.; Nathans, Blature 1992 356, 433-435.

(52) Nathans, JBiochemistry1992 31, 4923-4931.

(53) Palczewski, K.; Kumasaka, T.; Hori, T.; Behnke, C. A.; Motoshima, H.;
Fox, B. A.; Le Trong, |.; Teller, D. C.; Okada, T.; Stenkamp, R. E;
Yamamoto, M.; Miyano, MScience200Q 289, 739-745.

(54) Hoffmann, M.; Wanko, M.; Strodel, P.; Konig, P. H.; Frauenheim, T.;
Schulten, K.; Thiel, W.; Tajkhorshid, E.; Elstner, M. Am. Chem. Soc.
2006 128 10808-10818.
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In fact, most retinal-SB forming opsins result in significantly
red-shifted pigments, and this shift has been the focus of intense
study for the past 50 yea?%:% In particular, the mechanism
of wavelength regulation in rhodopsin and the color opsins that
leads to color vision has been the subject of much work, through
both modeling studi€g60.6566as well as mutagenesis of rod
rhodopsin and subsequent spectroscopic andl{/&is’°

Several stereoelectronic factors have been postulated to affect
the conjugation along the chromophore’s long chain and
therefore result in wavelength regulatin.These include
rotations about the polyene’s intervening single bonds, placing
of either point charges or dipoles at different positions along
the backbone of the polyene, and varying the distance between
the PSB and its counteranion (Figure la and5%§§.557276
Yet, difficulties in producing mutants of recombinant membrane
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12347-12350.
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bound proteins such as opsins, coupled with the lack of X-ray
crystal structures of the colored opsins have hindered efforts to
elucidate the molecular mechanism of color vision. In an effort
to probe the specific interactions that lead to the wavelength
regulation of bound retinal, we have initiated a program to
redesign proteins to mimic retinal binding in rhodopsin. These
engineered proteins will serve as a platform for creating and
studying specific protein/retinal interactions of interest. The
protein targeted for reengineering should satisfy the following
criteria: (1) It should have its three-dimensional structure known

so that changes to the sequence can be planned rationally. (2)

It must bind retinal as a PSB. (3) The PSB must be stabilized

by a counteranion such as Glu (mimicking the same arrangement
in rhodopsin). Our research was thus focused on the parameters

that enable the formation of a PSB within a proteinic environ-
ment in an effort to mimic the iminium bond formation that is
observed in visual pigments.

We have recently reported the reengineering of CRABPII
(Figure 1c), a small cytosolic protein amenable to both crystal-
lography and biochemical manipulations, into a retinal binding
protein that can form a PSB.The design features that led to
this first protein mimic were mainly based on hydrophobic
tuning of the active site. However, subsequent data from high-
resolution structural studies have led to the conclusion that the
original design principles were overly simplistic. What was
previously not appreciated was the importance of precisely
defining a favorable reaction geometry that promoted the
chemical reaction required for Schiff base formation. We now
report a complete restructuring of the design principle that takes
into account the geometric disposition of reactive groups in the
active site, leading to engineered proteins with superior PSB
characteristics. We have also, for the first time, determined the
high-resolution structure of the reengineered protein bound to
retinal via a Schiff base, which is critical for verifying the design
principles that were established by this study.

Results and Discussion

Our initial reengineering of CRABPII into a PSB forming
protein was accomplished through a series of mutations to yield
a nucleophilic active site Lys residue by manipulating is.p
This was in large part accomplished through hydrophobic tuning
of the binding cleft surrounding the Lysamino group (increase
of hydrophobicity through changing polar to nonpolar amino
acids), which should lead to the lowering of the amin&.f?

The result was the R132K:Y134F:R111L:L121E:T54V (KFLEV)
penta mutant (Figure 2). The Lys residue, necessary for Schiff
base formation was introduced at position 132 (R132K). The
location was determined via silico mutations of various amino
acid residues. The Lys substitution of Arg132 provided reason-
able distances to the putative position of the bound retinal's
carbonyl group to facilitate Schiff base formation. In order to
increase the nucleophilicity of Lys132 for successful SB
formation (by increasing the hydrophobicity of the pocket), three
mutations were performed: Y134F, R111L, and T54V. Finally,
a critical Glu residue was positioned in close proximity to the
location of the anticipated imine (L121E), which would act as

(76) Sugihara, M.; Buss, V.; Entel, P.; Elstner, M.; Frauenheingidchemistry
2002 41, 15259-15266.

(77) Crist, R. M.; Vasileiou, C.; Rabago-Smith, M.; Geiger, J. H.; Borhan, B.
J. Am. Chem. SoQ006 128 4522-4523.

(78) Harris, T. K.; Turner, G. JUBMB Life 2002 53, 85—98.
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Figure 2. (&) Energy minimized model of CRABPII KFLEV penta mutant
bound to alltransretinal prior to Schiff base formation. (b) UWis of
retinal complexed with WT-CRABPII1, 377 nm) and penta mutan2, (

3). Clear bathochromic shift upon PSB formation leads to absorption at
446 nm at pH= 7.2 (2). Upon acidification the trace completely shifts to
459 nm B, pH = 4.0).

a counteranion to stabilize the protonated SB. These changes
led to the KFLEV penta mutant, which exhibited strong binding

of all-transretinal (RT) as a PSB{y = 2.7 &+ 7 nM). However,

the apparent g, of the PSB was rather low~6.5), and
therefore, at the working physiological pH a mixture of
protonated and nonprotonated SB was present. Repeated at-
tempts to crystallize the KFLEV mutant bound to &ins
retinal were not successful.

With a CRABPII mutant that could bind retinal as a PSB in
hand, we then attempted to optimize the system to increase the
pKa value of the PSB formed. The protein mutants are
characterized using a battery of spectroscopic and chemical
techniques. Binding constanté{s) are measured via fluores-
cence quenching of the three Trp residues in the protein. The
wild-type CRABPII has &gy of 6600+ 360 nM for RT. We
deemed anyy below 200 nM as sufficient for our purposes.
UV/vis spectroscopy provides details regarding the protonation
of the Schiff base. Retinal and its Schiff base absorty 20
4+ 10 nm, and thus it is not possible to discriminate between
them. However, protonation of the Schiff base (PSB) leads to
a bathochromic shift with an absorption 8420 nm. The K,
of the imine is determined by incubation of the protein/retinal
complex (preformed) in buffers of different pH’s. Schiff base
formation (both protonated and nonprotonated forms) can be
probed by reductive amination. MALDI-TOF analysis of the
protein/retinal complex, which has been treated with NaC&BH
provides masses that either correspond to the mass of the protein
(no apparent Schiff base) or exhibit protein mass adducts
corresponding to the addition of one retinal molecule M
268]", evidence of SB).

Table 1 lists the pertinent data for a number of mutants that
were investigated initially to arrive at the KFLEV penta
mutant’” Entries -7 show the progression of the UV/vis data
toward more red-shifted chromophores and increased binding
as apparent from thi€q values. Entry 8 is the “Lys control” to
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Table 1. Ky and Amax for Retinal Bound to CRABPII Mutants

CRABPII protein K4 (NM) Amad  red.am.t
1 WT-CRABPII 6600+ 360 377 no
2 R132K 280+ 17 379 yes
3 R132K:Y134F 126Gt 5 404 no
4 R132K:Y134F:R111L 16&7 400 yes
5 RI132K:Y134F:T54V 8H- 14 417 yes
6 R132K:Y134F:R111L:L121E 206 8 446 yes
7 R132K:Y134F:R111L:T54V:L121E 2F7 446 yes
8 VY134F:R111L:L121E 57& 32 381 no
9 RI132K:Y134F:R111L:T54V:L121Q 606 66 371 yes

aDeconvolusion of overlapping UVvis spectra is detailed in the
Supporting InformatiorlYes/no refers to the results obtained from MALDI-
TOF analysis (presence of [M- 268]") of protein—-retinal complex that
has been subjected to reductive amination conditions.

demonstrate that in fact it is the engineered Lys residue and
not the other 13 Lys residues in the protein that are responsible
for SB formation. The R132K:Y134F:R111L:L121Q:T54V
(KFLQV) penta mutant (entry 9) illustrates the importance of
the Glu counteranion in KFLEV, as apparent from the loss of
protonation of the SB (note that it is still an SB as indicated
from reductive amination).

Our attention was turned onto the R132K:Y134F double
mutant due to its inability to produce a reductively aminated
adduct upon incubation with aftansretinal and NaCNBHhl
(Table 1, entry 3). Curiously, addition of RT to the R132K:
Y134F double mutant results in-a25 nm red shift {max =
404 nm) as compared with the R132K single mutdmt.{ =
379 nm), thus suggesting the possible formation of a PSB.
However, unlike the R132K mutant (Table 1, entry 2), the
R132K:Y134F double mutant failed to reveal the [M268]"
adduct peak in the MALDI-TOF spectrum of the reductively
aminated R132K:Y134F/RT complex. This seemed to indicate
that the Y134F mutation might actually be detrimental to SB
formation, which is inconsistent with our assumptions regarding
the importance of hydrophobic tuning. However, additional
mutations, such as R132K:Y134F:R111L and R132K:Y134F:
T54V, restore the protein’s ability to form a stable SB. The
positive reductive amination results were maintained throughout
the rest of the mutants that included the engineered Lys132
residue.

The results detailed above led us not only to completely re-
evaluate the function of Tyrl34 and the effects of the Y134F

The crystal structure of the R132K:Y134F double mutant bound
to RA reveals binding of the chromophore (Figure 3c) very
similar to that of the WT-CRABPII/RA (Figure 3dy,although
two major binding partners (Argl32, Tyrl34) have been
removed (overlay depicted in Figure 3g).

The crystal structure of the RT bound R132K:Y134F double
mutant (Figure 3e) unambiguously verifies the reductive ami-
nation studies that indicated the lack of imine formation. All-
transretinal is located within the binding pocket at a position
almost identical to that of the natural substrate ff@hsretinoic
acid, overlay depicted in Figure 3h) and does not form a covalent
bond with any of the neighboring residues. The chromophore’s
binding is supported by a series of hydrogen bonding interactions
with the engineered Lys132 (3.67 A) and an ordered water
molecule (W1, Figure 36} A closer look reveals that there
are two orientations of the bound chromophore, one with the
carbonyl oxygen pointing toward Lys132 (30% occupancy) and
the other orientation with the carbonyl oxygen pointing away
from the Lys residue (70% occupancy, Figure 3e). The three
crystal structures depicted in Figure 3 were central in proposing
a hypothesis to address the lack of reactivity observed in the
R132K:Y134F double mutant, which consequently led us to a
rational redesign of a rhodopsin protein mimic.

The trajectory of reacting nucleophiles with respect to the
carbonyl functionality is a critical parameter for efficient
nucleophilic attack. Brgi and Dunitz, using an elegant crystal-
lographic study of amine nucleophiles attacking electrophilic
carbonyls, have shown that nucleophiles approach carbonyls at
an optimal angle of 10728283 This probably stems from a
compromise between the perpendicular approach to the carbonyl,
maximizing overlap of the nucleophile HOMO with*, and
the electronic repulsion between the nucleophile and the
m-electrons. Achieving the necessary disposition of reactive
groups became the guiding principle throughout the reengineer-
ing of CRABPII, namely, orienting the bound RT with respect
to the active site Lys with a favorable'Byi—Dunitz trajectory.

A second look at the three crystal structures in Figure 3 reveals
a nonoptimum trajectory between the reactive amine group and
the carbonyl of the retinal bound to the R132K:Y134F double
mutant. In fact, the orientation of the aldehydic carbonyl in the
two crystal forms (Figure 3f) closely resembles the same
orientation found for the carboxylate oxygens of the RA bound

mutation but also to reconsider the elements necessary for thestructure in both the R132K:Y134F double mutant (Figure 3d)

reengineering of the protein such that a Schiff base is formed
within the protein cavity. In particular, questions regarding the
orientation of reactive groups (theamino group of Lys132
and the carbonyl group of retinal) and activation of the aldehyde
to initiate imine formation became paramount in the design
phase. In an attempt to more clearly visualize the reactive specie
in the binding pocket of CRABPII mutants, a number of the
protein mutants were crystallized and analyzed in detail. Most
importantly, the structures of the R132K:Y134F double mutant
bound to both allransretinoic acid (RA) and RT were
determined. The latter two crystal structures were instrumental

in understanding the necessary elements to design a protein

capable of binding retinal as a Schiff base since the R132K:
Y134F double mutant had failed to form the requisite imine.
Figure 3 depicts the crystal structures of WT-CRABPII bound
to RA (a and b}®8%and the double mutant R132K:Y 134F bound
to either RA (c and d) or RT (e and f), both determined at 1.7
A resolution (PDB ID codes are 2G78 and 2G79, respectively).

S

and the WT-CRABPII structures (Figure 3b), all of which are
40°—50° away from the desired trajectory.

In trying to understand why the carbonyl of retinal does not
rotate to adopt a favorable conformation, the role of a single
highly ordered water molecule was questioned. The three crystal
structures depicted in Figure 3, and in fact the crystal structures
of all mutants that contain Arg111 determined to date (data not
shown), have in common a highly ordered water molecule (W1,

(79) Kleywegt, G. J.; Bergfors, T.; Senn, H.; Lemotte, P.; Gsell, B.; Shudo, K.;
Jones, T. AStructure1994 2, 1241-1258.

(80) Vaezeslami, S.; Mathes, E.; Vasileiou, C.; Borhan, B.; Geiger, J. H.

Mol. Biol. 2006 363 687—701.

The active site water residue in all crystal structures in this manuscript are

labeled as W1 to indicate the fact that they are all in the same position.

The actual water numbering of W1 in the PDB files for each mutant is as

follows: wild type CRABPII bound to RA (1CBS, W309), R132K:Y134F-

CRABPII bound to RA (2G78, W11), R132K:Y134F-CRABPII bound to

RT (2G79, W10).

(82) Burgi, H. B.; Dunitz, J. DAcc. Chem. Re4983 16, 153-161.

(83) Burgi, H. B.; Dunitz, J. D.; Shefter, B. Am. Chem. Sod973 95, 5065
5067.

(81)
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Figure 3. (a, b) Crystal structure of WT-CRABPII bound to alansretinoic acid (PDB ID 1CBS). (c, d) Crystal structure of CRABPII-R132K:Y134F
double mutant bound to RA. (e, f) Crystal structure of CRABPII-R132K:Y134F bound to RT. The retinal and Lys132 were found in two crystallographic
forms (overlaid structures). (g) Overlay of WT-CRABPII (blue carbon skeleton) and R132K:Y134F double mutant (green carbon skeleton) bound to all-
transretinoic acid. (h) Overlay of R132K:Y134F double mutant bound tdralfs-retinoic acid (blue carbon skeleton) and R132K:Y134F double mutant

bound to alltransretinal (blue and yellow carbon skeleton).

Figure 3). W1 in the RA bound WT-CRABPII structure is

tightly hydrogen bonded to Argl11 and the carboxylate of RA
(Figure 3a). The same binding motif is found for the RA bound
R132K:Y134F double mutant (Figure 3c). Interestingly, the RT
bound R132K:Y134F double mutant illustrates the same W1
hydrogen bonding with the carbonyl oxygen of retinal (70%
occupancy was calculated for the crystal structure with the
carbonyl oxygen H-bonded to W1, Figure 3e). At this juncture,

373A% 595 4 Y134
M 13.10A
all-trans-retinal Y

3.40 A‘)t

l 047 A L121E
T54
R111L

Figure 4. Model of KLE-CRABPII triple mutant bound to atkansretinal.

we hypothesized that the strong hydrogen bond to W1 prevents
the carbonyl from adopting a favorable trajectory to allow SB
bond formation. In particular, it is clear from the latter crystal

structures that the plane of the carbonyl has to be rotated a|°n9carbonyl oxygen through hydrogen bonding (3.40 A, 2.47 A,
the long axis of the chromophore in order to achieve a favorable Figure 4) could aid in rotating the plane of the carbonyl in a
trajectory for nucleophilic attack~40>° CCW considering the  more favorable arrangement to achieve the necessanyi-Bu
chromophore with the carbonyl oxygen pointing away from the itz trajectory (all evidence suggests that Glu121 is proto-
Lys residue). It was thus deemed critical to remove the highly naied inside the hydrophobic pocket of CRABPII at7.3)8
ordered W1, so that the carbonyl group is freed to adopt the Fyrthermore, because of the proximity of Glu121 to Tyr134
necessary conformation for SB formation. _ (.10 A, Figure 4) a favorable hydrogen bond between the two
The rational engineering of a second generation of retinal \yas anticipated. This could enhance Schiff base formation due
SB-forming proteins was therefore based on the following {5 increased activation of retinal’s carbonyl group as a result of
suppositions. Removal of unfavorable interactions leading to ¢ amplified acidity of Glu121. Glu121 may assume a dual
the undesired orientation of the aldehyde was coupled with yole a5 proton donor for the reaction and as counteranion for
building favorable and reinforcing interactions that would e resultant PSB. The latter suppositions led to the R132K:
promote the chromophore’s rotation-e#10° about its long axis. L121E:R111L triple mutant (KLE-CRABPII).
The position of the active site Lys residue was preserved from g1 pinds KLE-CRABPII with high affinity (1.4 nM vs 6.5
the original modeling work (R132K). Removing either or both uM for WT CRABPII), concomitant with loss of binding affinity
Arg111 and Thr54 should remove W1 from play. Mutation of 5. ra (426 nM vs 2 nM for wild type CRABPII) (Figure 5a).
Arg111 to Leu was planned accordingly. In addition it seemed The binding of RT also led to a red-shifted absorption at 449
plausible from modeling studies that Tyr134 may contribute to (Figure 5b), strongly suggestive of PSB formation. This was
the activation of the carbonyl group through hydrogen bonding ,rther verified through MALDI-TOF analysis of the reductively
interactions (2.95 A, Figure 4), which would explain why its aminated proteifrretinal complex that showed an [M 268}
mutation to Phe_was detriment_al to SB formation. Tyr134 was peak corresponding to the increased mass due to covalent
thus preserved in the new series. binding of one retinal molecule (Figure 5¢ and 5d).

Next, the placemgnt of a gounteranion t.o stabilize th_e PSB  The KLE-CRABPII triple mutant was cocrystallized with RT,
was consideredn silico mutation of Leu121 into a Glu residue 514 its structure was refined to 1.2 A resolution (the cocrys-

provided the best results for placing a counteranion that would
be 3.5-4.5 A away from the putative PSB (Figure 4). Also,
Glul21 would be positioned midway between Lys132 and
Argl11 (Figure 4) so that its interaction with the retinal’s

(84) Crystal structure of L121E mutants bound to retinoic acid (unpublished
results) exhibit a bis-carboxylic acid dimer, formed between the Glu121
and retinoic acid. The geometry and distance between the tightly hydrogen
bonded carboxylic acids is suggestive of the fact that Glu121 is protonated.
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Figure 5. (a) Fluorescence titrations of the KLE-CRABPII triple mutant
with retinoic acid K¢ = 426 + 47 nM) and retinalKq = 1.4 + 4.9 nM).

(b) UV—vis spectrum of RT bound to WT-CRABPII and KLE-CRABPII
triple mutant. Retinal bound with WT is a noncovalent interaction with
Amax= 377 nm. The UV of retinal with KLE-CRABPII triple mutant reveals
a 449 nm peak, indicating formation of a PSB. (c) MALDI-TOF of KLE-
CRABPII (15508.2 Da). (d) Reductive amination of retinal with the KLE-
CRABPII triple mutant reveals a mixture of the apoprotein (15508.5 Da)
as well as the covalent adduct of the protein with RT (15776.3 Da;}-[M
268]").

tallization required dark conditions af€). The overall structure

of KLE-CRABPII bound to alltransretinal remained very
similar to that of WT-CRABPII bound to retinoic acid (Figure
6a). The very high-resolution data allowed us to visualize the
details of the structure with exceptional clarity (Figure 6b and
6c). The structure clearly shows RT occupying the RA binding
site with the ionone ring pointing toward the mouth of the
binding cavity and the aldehyde end of the molecule buried

deeply in the interior of the protein. The Schiff base between g’.tliw)e 6. d(61) Stereoview gf thf(rj 0ver|ay(0fd\)/VIt-)§3RABPIkl) bOU(;\d to RA
. g ue) and KLE-CRABPII bound to RT (red). RT is bound to KLE-
Lys132 and RT is also clearly seen and adoptsisimine g ap)) via a Schiff base with Lys132. (c) Foc omit map of retinal

conformation (Figure 6b, 6c). A closer look at the binding site pound to KLE-CRABPII as a Schiff base. Maps are contoured ab2(@)
reveals the close contacts between Tyrl34, Glul21, and theCrystal structure of the binding site of bovine rhodopsin bound teig1-
iminium nitrogen (Figure 6b). Comparison of the active site of retinal (PDB ID 1U19).
the triple mutant (Figure 6b) with the active site of rhodopsin
(Figure 6d) reveals a similar arrangement of the counteranion
and the PSB, although retinal in rhodopsin hasaamsimine
conformatiorf®

There are significant differences in the trajectory of the
chromophore (RT) in the binding pocket of KLE-CRABPII
relative to RA as seen in the WT-CRABPII/RA complex (Figure
7). The tightly hydrogen-bonded W1 with Arg111 in the WT
structure is moved out of play in the KLE-CRABPII triple
mutant, thus freeing the carbonyl of RT to assume the necessary b 132 m
orientation for nucleophilic attack (presumably through H- i}
bonding interactions with Tyrl134 and/or Glul21). Similar to
RA, RT is relatively planar across its conjugated length, but its
trajectory through the binding site is substantially different, e .
culminating in a 1.9 A shift in the position of C15 relative to 121
RA-bound CRABPII (Figure 7a). Three motions lead to this 11
difference. The ionone ring is translated by about 0.5 A and ) )

Figure 7. Different views of the overlay of RT bound to KLE-CRABPII

rotated by~21° ab(_)ut an axis that intersec?s €66 (Figure_ (green carbon atoms) and RA bound to WT-CRABPII (blue carbon atoms).
7b). At the same time, the CEC6-C7—C8 dihedral angle is

(85) Okada, T.; Sugihara, M.; Bondar, A. N.; Elstner, M.; Entel, P.; Busd, V. rqtat_ed by abOUt_ 48to_reposition the_ ChromOphore_ in the
Mol. Biol. 2004 342, 571-583. binding pocket (Figure 7a). The result is a large rotation of the
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a KFLEV + RT Table 2. Ky and Amax for Retinal Bound to CRABPII Mutants
0.1 {WT+ q‘ KLE+ RT CRABPII protein Ky (nM) Amard red. am.?
_. 0.08- 1  R132K:R111L:L121E (KLE) 13649 449 yes
E] 2 RI132L:R111LL121E 25310 376 no
& 0.06 3 RI132K:R111L:L121Q 1526:83 377 yes
2 004 4  RI132K:R111L 56736 408 yes
< 5  R132K:R111L:T54V:L121E 1.99 4.1 449 yes
0.02- 6  RI132K:L121E 10411 457 yes
0 7  RI132K:Y134F:L121E 169.8 381 yes
250 aosvssol 400“450 500 350 a2 Deconvolusion of overlapping UVvis spectra is detailed in the
avelength (nm) Supporting InformatiortYes/no refers to the results obtained from MALDI-
b 15 TOF analysis (presence of [M- 268]") of protein—retinal complex that
1 base has been subjected to reductive amination conditions.
= 1 nm, very close to the reported value of nonprotonaled
s : retinylidenen-alkylamines {max = 365 nm)%2
§ osll/ Two control mutants were important to further demonstrate
' the function of the engineered active site residues. The R132L:
L121E:R111L triple mutant was prepared to prove that Lys132
and not any of the other 13 Lys residues of the native protein
Wavelength (nm) is responsible for PSB formation. The latter triple mutant failed
c ., to produce a red-shifted chromophore upon addition of Rikx(
- PSB L = 376 nm, Table 2, entry 2). It also did not yield a mass
; 11 pK,=8.7 / corresponding to conjugation of the protein with retinal upon
E 08 b /! MALDI-TOF analysis. The R132K:R111L:L121Q mutant was
g /.’: made to assess the role of the Glu counteranion. Interestingly,
z 061 V% i this mutant bound RT over 1000-fold worse (1526 nM), but
204 | yet did yield a Schiff base forming protein ([M 267]" present
< 0 T ¥ in the MALDI-TOF spectrum). However, the protein complex
: 765 825 9 975 with retinal did not red-shiftAmax= 377 nm, Table 2, entry 3),
pH suggesting that the carboxylate counteranion is necessary for

Figure 8. (a) UV—vis spectra of RT bound to WT-CRABPIL{ax= 377

nm, blue trace), KLE-CRABPIIAmax = 449 nm, red trace), and KFLEV-
CRABPII (green trace) at pH 7.3. (b) Base titration of the KLE-CRABPII/
retinal complex. Upon addition of base the PSB peak at 446 nm blue shifts
to 364 nm. The shift is reversible upon acidification. (c) The calculated
pKa value for the KLE-CRABPII/retinal PSB is 8.7.

entire chromophore (RT) in the KLE-CRABPII structure relative
to the WT-CRABPII/RA complex. All other dihedral angles,
including those that define the ionone ring pucker, are identical
in the two molecules. Thus all the changes in the molecule’s
conformation occur at the end of the molecule located at the
mouth of the binding cleft and serve to rotate the aldehydic
carbonyl of RT as required~48° relative to the chromophore
bound to the R132K:Y134F double mutant) for reaction with
Lys132, based on the requirements for reaction described above
No significant collisions occur between the protein and RT,
emphasizing that the CRABPII binding cavity is large relative
to the size of the ligand, allowing for significant motion within.
Figure 8a depicts the UV/vis spectra of RT bound to WT-
CRABPII, the KFLEV penta mutant, and the KLE triple mutant
at pH= 7.3. Acid—base titration of the PSB formed between
the KLE-CRABPII mutant and alrans-retinal (Figure 8b and
8c) allowed us to calculate &g value of 8.7. The K, of this
triple mutant is higher than thekp of a retinylidene Schiff
base in solution £7.2)8 thus maintaining a PSB at physi-
ological pH, and approaches th&pof known rhodopsins
(9.3— ~16)87-91 The deprotonated SB appears to absorb at 364

(86) Rousso, I.; Friedman, N.; Sheves, M.; Ottolenghi,Bibchemistryl995
34, 12059-12065.

(87) Druckmann, S.; Ottolenghi, M.; Pande, A.; Pande, J.; Callender, R. H.
Biochemistryl982 21, 4953-4959.

(88) Koutalos, Y.Biophys. J.1992 61, 272—-275.
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protonation of the Schiff base. Similar behavior has been
observed in rhodopsin mutants in which the replacement of
Glu113 (the counteranion in bovine rhodopsin) with GIn leads
to blue-shifting of the pigment from 500 nm te380 nm?%4.93
Similarly, the R132K:R111L double mutant, which lacks the
Glul21 counteranion, does not form the requisite PSB (Table
2, entry 4), although as expected it forms a SB upon addition

Overall, restoring Tyrl34 results in improvement of both
retinal binding and PSB formation, as evident from the
fluorescence quenching and UVis data summarized in Table
2. In the absence of Tyr134 (Y134F series of proteins, Table
1) both R111L and T54V mutations are crucial for retinal
binding and efficient PSB formation. As previously discussed,
these mutations are believed to assist the correct positioning of
the chromophore within the binding pocket for optimal nucleo-
philic attack by Lys132, by removal of an associated water
molecule. This postulate agrees with the data obtained for the
Y134F series of proteins. However, in the presence of both
R111L and Tyrl34 the additional mutation of T54V does not
appear to be crucial for either SB formation or protonation. In
particular, the R132K:R111L:L121E:T54V tetra mutant (Table
2, entry 5) does not exhibit any improved retinal binding

(89) Koutalos, Y.; Ebrey, T. G.; Gilson, H. R.; Honig, Biophys. J199Q 58,
493-501.

(90) Liang, J.; Steinberg, G.; Livnah, N.; Sheves, M.; Ebrey, T. G.; Tsuda, M.
Biophys. J.1994 67, 848-854.

(91) Steinberg, G.; Ottolenghi, M.; Sheves, Biophys. J.1993 64, 1499~

(92) Blatz, P. E.; Baumgartner, N.; Balasubramaniyan, V.; Balasubramaniyan,

P.; Stedman, EPhotochem. Photobioll971, 14, 531-549.

(93) Sakmar, T. P.; Franke, R. R.; Khorana, HR®oc. Natl. Acad. Sci. U.S.A.
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Figure 9. (a) Base titration of the KE-CRABPII/retinal complex. Upon

T54

addition of base the PSB peak at 457 nm blue shifts to 364 nm. The shift

is reversible upon acidification. (b) The calculate§,walue for the KE-
CRABPII/retinal PSB is 7.8. (c) Model of CRABPII R132K:L121E mutant
bound to alltransretinal.

characteristics g = 1.99 + 4.1 nM, Amax = 449 nm) as
compared to the KLE triple mutant (Table 2, entryKlj =
1.36 + 4.9, lmax = 449 nm). The additional hydrophobic
mutation (T54V) that was essential for stable PSB formation

in the absence of Tyrl34 (Y134F series, Table 1) is not as
significant when Tyr134 is restored. The presence of Tyrl34
appears to be important, especially if the ordered water molecule

(W1) is not removed. This is probably due to the fact that
Tyrl34 can compete with W1 in hydrogen bonding with the

bound chromophore and thus orient the carbonyl in a favorable

Table 3. Ability of Some CRABPII Mutants to Bind Retinal

CRABPII protein SBa PSB? PSB pK?
1 R132K yes no nd
2 R132K:Y134F no no nd
3 R132K:Y134F:R111L yes no nd
4 R132K:R111L yes no nd
5 R132K:R111L:L121E yes yes 8.7
6 R132K:Y134F:L121E yes no nd
7 R132K:L121E yes yes 7.8
8 R132K:Y134F:R111L:L121E yes yes 6.5

aSB formation as determined by positive reductive amination results.
bPSB formation as determined by UWis (Amax > 420 nm).
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Figure 10. Suggested mechanism for the formation of a protonated Schiff
base between the R132K:R111L:L121E CRABPII triple mutant and all-
transretinal.

Table 3 summarizes the SB and PSB forming ability of some
of the major CRABPII mutants discussed so far based on their
positive reductive amination and UWis absorption results
accordingly. Glu121 is necessary for both PSB formation and
stabilization (Table 3, entries 5, 7, 8) yet not essential for SB
formation (Table 3, entries 1, 3, 4). Tyrl34 can assist both PSB
formation and stabilization (Table 3, entry 6 vs entry 7) and, in
the absence of both Glul21 and Leulll, is essential for SB

trajectory. The absence of Tyrl34 leads to W1 as the major formation (Table 3, entry 1 vs entry 2). Finally, the R111L

contributor to the orientation of the carbonyl group of the bound
chromophore.

To further support the latter conclusion, double mutant
R132K:L121E (KE, Table 2, entry 6) was prepared (note that
both Tyrl34 and Arglll are present in this mutant). The
R132K:L121E double mutant exhibits good retinal binding
affinity (Kq = 104+ 11 nM), with an absorption maximum at
457 nm, an~8 nm red shift as compared to the KLE mutant
(Amax = 449 nm). However, the Ky of the PSB formed is
reduced by 0.9 units (Figure 9a and IKKE) = 7.8, Ka
(KLE) = 8.7). This result indicates that the presence of the

mutation is very important for both SB and PSB formation and
stabilization, especially in the absence of Tyr134 (Table 3, entry
5 vs entry 7).

Based on the above observations, we suggest a mechanism
for PSB formation between altansretinal and the KLE-
CRABPII triple mutant (Figure 10). Tyrl34 is important for
orienting and possibly activating retinal’s carbonyl for efficient
nucleophilic attack by Lys132. Its hydrogen bond to Glul21
could lead to enhanced polarization of the carboxylic acid and,
consequently, further activation of retinal. The latter arrangement
should lead to the generation of an intermediate hemiaminal.

structured water molecule associated with Arg111 and Thr54 Subsequent proton transfer activates the hydroxyl, leading to
can affect the acidity of the engineered Glul21. As can be expulsion of water. The resultant PSB is stabilized by Glu121’s
seen in Figure 9dn silico mutagenesis suggests interaction carboxylate. The crystal structure of the RT bound KLE-
between Glu121 and W1 (4.51 A), which could decrease its CRABPII triple mutant (Figure 6b) reveals the presence of a
acidity and, therefore, its efficiency as a PSB counteranion. In tightly hydrogen-bonded water molecule (W167), which is 2.75
the absence of Tyr134 (mutant R132K:Y134F:L121E, Table 2, A away from Glu121 and 3.88 A away from the iminium
entry 7) the affinity for retinal is further reduce{{ = 160 + carbon. One could speculate that W167 is the expelled water
9.8 nM) and no apparent PSB is formefh{x = 381 nm). At that originates from the carbonyl oxygen in retinal (note that
the same time, absence of the counteranion compromises thehe iminium carbon was originally the carbonyl carbon). The
protein’s ability to produce a PSB as demonstrated by the proposed mechanism can explain the observed spectroscopic
R132K:R111L double mutanKg = 567+ 36 NnM, Amax= 408 data but by no means is the only one that could be suggested.
nm, Table 2, entry 4). Nevertheless, a number of important criteria for PSB formation
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in a protein can be realized. First, a suitably positioned Lys to retinal. Alternatively, similar systems can be used with other
residue would also require an optimal orientation with respect bathochromic chromophores, potentially providing additional
to the electrophilic carbonyl. As opposed to solution reactions means of protein tagging.

that can eventually adopt the correct orientation in a random
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