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ABSTRACT

Cellular Retinoic Acid Bind-
ing Protein II (CRABPII) has
been reengineered to specifi-
cally bind and react with
all-trans-retinal to form a
protonated Schiff base. Each
step of this process has been
dissected and four residues
(Lys132, Tyrl34, Arglll, and
Glul21) within the CRABPII
binding site have been iden-
tified as crucial for imine
formation and/or protona-
tion. The precise role of each
residue has been examined
through site directed muta-
genesis and crystallographic
studies. The crystal structure
of the R132K:L121E-CRAB-
PII (PDB-3117) double mu-
tant suggests a direct inter-
action between engineered
Glul21 and the native
Argll1l1, which is critical for
both Schiff base formation
and protonation.
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INTRODUCTION

Successful application of rational protein redesign for altered activities requires a detailed
understanding of the stability and activity determinants of proteins. The specific orientation
of amino acid side chains is one of the most important factors for correct protein folding
and proper enzyme function.1=10 In most cases, even residues that do not directly interact
with a bound substrate are important for binding through a variety of indirect mechanisms.
An example of the latter is the Cellular Retinoic Acid Binding Protein II (CRABPII), a small
cytosolic protein that binds all- trans-retinoic acid,! modulating its intracellular concentration
and delivering it to the appropriate targets.ll_15 The affinity of CRABPII for all-trans-reti-
noic acid is remarkably high (2.0 + 1.2 nM) and, as Figure 1 depicts, the binding is achieved
through a series of electrostatic interactions with neighboring residues.16-18 In particular,
retinoic acid is bound via a direct salt bridge and hydrogen bond with residues Argl32 and
Tyr134, respectively, through one of its oxygen atoms, while the second carboxylate oxygen is
hydrogen bonded to an ordered water molecule. This water molecule is held in place through
interactions with two neighboring amino acids, Thr54 and Arglll. Although it has been
shown that both residues are important for retinoic acid binding, the presence of Argl11 is
more critical because it is also involved in additional hydrogen bonds with water molecules
that define an ordered water network within the binding pocket of the protein. 1720

Recently, we reported the reengineering of CRABPII into a protein that can bind a
non-native substrate, all-trans-retinal, as a protonated Schiff base (PSB) [Fig. 2(a)]21,22
mimicking the binding of 11-cis-retinal in rhodopsin, the protein responsible for
vision.23-33 This redesigned system is a convenient model for studying the stereo-
electronic principles that govern wavelength regulation and enable color vision. The
rational redesign of CRABPII into a protein that can bind retinal as a PSB requires a
successful approach to the issue of proper amino acid side chain conformation.

Schiff base (SB) and PSB-bound intermediates are found in many enzymes with
different functions. Understanding the exact mechanism of PSB formation by manipu-
lating amino acid residues of the binding cavity is important for further protein engi-
neering projects involving this unique binding motif. Successful PSB formation in a
protein system results when two different events take place, sequentially. First and fore-
most, a nucleophilic Lys residue must be appropriately positioned to attack the electro-
philic carbonyl. In addition to proximity, the exact orientation of the nucleophile
relative to the carbonyl’s plane is critical for SB formation. Following the basic princi-
ples of organic chemistry, optimal attack occurs when the nucleophile approaches at
the Biirgi-Dunitz angle (107°). In CRABPII, replacement of Argl32 with a Lys (R132K)
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Figure 1

Crystal structure of WT-CRABPII bound to all-trans-retinoic acid. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. |

was the best choice for optimal positioning of the nucle-
ophile. Equally important, however, is the positioning of
the electrophilic carbonyl. Binding of retinal with CRAB-
PII places the carbonyl in an unproductive orientation
with respect to the putative nucleophilic lysine residue.
This orientation is stabilized by interaction with an
ordered water molecule that in turn is oriented by
Argll11. Therefore, the additional replacement of Arglll
by a Leu residue was required to remove this water and
promote efficient PSB formation and stabilization. Subse-
quent to nucleophilic attack and loss of water, PSB for-
mation requires the protonation of the SB nitrogen,
which is promoted by stabilization of a positive charge at
this position. In an attempt to mimic the arrangement in
the native rhodopsin system, a counter anion (Glul21)
was placed close to the imine nitrogen to achieve this
stabilization. The above mutations led to the
R132K:R111L:L121E triple mutant that binds all-trans-
retinal as a PSB with high affinity (K4 = 1.4 nM). This
binding was further verified by a high-resolution crystal
structure [Fig. 2(a)], which reveals a significant rotation
of the chromophore (retinal), ~50° about its long axis
when compared with the retinoic acid bound in the
wild-type protein. This rotation was necessary for adopt-
ing the needed orientation for effective bond forma-
tion.2! The tightly hydrogen bonded W1 with Arglll in
the WT structure is moved out of play in the
RI132K:R111L:L121E-CRABPII triple mutant [Fig. 2(b)],
thus freeing the carbonyl of retinal to assume the neces-
sary orientation for nucleophilic attack. The removal of
this ordered water molecule (W1), by replacing the Arg
residue closely associated with it was considered a crucial
element for SB formation and stabilization. In this arti-
cle, the goal is to explicitly and systematically test the

assumptions behind the engineering of a retinal-SB form-
ing protein as we predict that it is the specific amino
acid interactions that dictate the critical roles that each
residue plays for the formation and stabilization of a
PSB. In particular, we will further examine the effect of
Arglll for the efficient formation of a CRABPII-retinal
PSB. In addition, the exact role of Glul2l, the residue
engineered as a PSB counter anion, is further evaluated.
The crystal structure of R132K:L121E-CRABPII double
mutant suggests that the presence and relative orientation
of Glul2l, as dictated by its interaction with Arglll, or
lack of it, is critical for both the formation and stabiliza-
tion of the retinal-PSB. Furthermore, the exact role of
Tyr134, a residue that has been proven critical for
retinal-imine formation, will be addressed.

MATERIALS AND METHODS

Fluorescence spectra were recorded using a SPEX™
Fluorolog-3 fluorometer (HORIBA JOBIN YVON). UV-
vis spectra were recorded with a Cary300 BioWinUV
spectrophotometer (Varian). All-trans-retinal was pur-
chased from Fluka and was used as received.

Site-directed mutagenesis of CRABPII

Site-directed mutagenesis was performed using the
CRABPII-pET17b plasmid following Stratagene’s Quik-
change™ Kit protocol. The primers used for the muta-
tions described in this manuscript were: R132K forward:
5-GACGTTGTGTGCACCAAGGTCTACGTCCGAGAG-3/,
reverse: 5'-CTCTCGGACGTAGACCTTGGTGCACACAA
CGTC-3’; R132K:Y134F forward: 5'-GTTGTGTGCACCA
AGGTCTTCGTCCGAGAGCTCGAG-3, reverse: 5'-CTCG
AGCTCTCGGACGAAGACCTTGGTGCACACAAC-3; R111L
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Figure 2

(a) Retinal bound to R132K:R111L:L121E-CRABPII as a Schiff base through Lys132. (b) Overlay of retinal bound to R132K:R111L:L121E -CRABPII
(yellow carbon atoms) and RA bound to WT-CRABPII (blue carbon atoms). [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com. ]

forward: 5'-CCCAAGACCTCGTGGACCCTAGAACTGACCAA
CGATGG-3, reverse: 5'-CCATCGTTGGTCAGTTCTAGGGTC
CACGAGGTCTTGGG-3'; T54V: forward: 5'-CTACATCAAAG
TCTCCACCACCGTGCG-3', reverse: 5-CGCACGGTGGTG
GAGACTTTGATGTAG-3'; R111M: forward: 5'-GACCTCGTG
GACCATGGAACTGACC-3, reverse: 5-GGTCAGTTCCAT
GGTCCACGAGGTC-3'; R111V: forward: 5- GACCTCGTG
GACCGTAGAACTGACC-3/, reverse: 5'- GGTCAGTTCTACG
GTCCACGAGGTC-3; R111E: forward: 5'-CCTCGTGGACC
GAGGAACTGACCAACG-3, reverse: 5'-CGTTGGTCAGTTCC
TCGGTCCACGAGG-3'; RI11K: forward: 5'-CGTGGAC
CAAAGAACTGACC-3, reverse: 5-GGTCAGTTCTTTGGTC
CACG-3; RI11H: forward: 5-GACCTCGTGGACCCAC
GAACTGACC-3, reverse: 5'-GGTCAGTTCGTGGGTCCAC
GAGGTC; LI121E: forward: 5-GATGGGGAACTGATCGA
GACCATGACGGCGGATGAG-3', reverse: 5 -CTCATCCGCC
GTCATGGTCTCGATCAGTTCCCCATC-3'.

CRABPII protein expression and purification

The expression of the CRABPII proteins was carried
out as previously described.2! Briefly, expression of the
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CRABPII mutants in the pET17b vector was performed
at 32°C for 5 h in Escherichia coli strain BL21(DE3)-
pLysS. The overexpressed proteins were purified by ion
exchange chromatography using Q Sepharose™, Fast
Flow resin followed by FPLC (Source 15Q resin).

Determination of extinction coefficients of
CRABPII mutants

The absorption extinction coefficients (¢) were deter-
mined according to the method first described by Gill
and von Hippel.34 The calculated values are (in M '
cm ™ '): R132K:19,202; R132K:Y134F:18,317; R132K:Y134
F:R111L:16,654; R132K:R111L:20,846; R132K:Y134F:
L121E:18,422; R132K:L121E:17,981; R132K:Y134F:
R111L:L121E:21,500; R132K:R111L:L121E:23,136; R132
K:Y134F:R111L:L121E:T54V:19,362; R132K: R111L:L12
1E:T54V:19,706; R132K:L121E:T54V:20,925; R132K:R11
1L:T54V:21,190; R132K:Y134F:R111L:T54V:17,798; R13
2K:R111M:L121E:18,678; R132K:R111V:L121E:19.027;
R132K:R111H:L121E:19,550; R132K:R111K:L121E:15,068;
R132K:R111E:L121E:17,611.
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Tryptophan fluorescence quenching

Measurements of tryptophan fluorescence quenching
and Ky calculations were carried out as previously
described.21,22 Briefly, protein fluorescence spectra were
recorded at 25°C in a 0.01% gelatin containing PBS
buffer (4 mM NaH,PO,, 16 mM Na,HPO,, 150 mM
NaCl, pH = 7.3), containing 0.5 pM of protein. The
sample was excited at 283 nm with an excitation slit
width of 1.5 nm. The fluorescence was measured at the
peak maximum (345 nm, emission slit 12 nm). All-trans-
retinal was added at varying equivalents from a 1.5 mM
stock solution in ethanol, maintained in the dark. Care
was taken to ensure that the final EtOH volume
remained below 2%. A measurement was taken after the
addition of each aliquot of chromophore. The obtained
values were plotted as concentration of chromophore ver-
sus the relative fluorescence intensity. The titration was
complete when there was no observable quenching of
fluorescence upon addition of the chromophore. The Ky
for each CRABPII mutant was determined according to
the method previously described by Wang et al,!8 using
Sigmaplot software.

Reductive amination of the protein/retinal
complex and MALDI-TOF analysis

CRABPII proteins (0.5 mg) in Tris buffer (I mlL,
10 mM TRIS-HCI, pH = 8) were mixed with 1.0 equiv
of retinal in ethanol (final ethanol volume less than 2%).
The mixture was incubated at 23°C, shielded from light
for 1 h after which 10 pL of 5M NaCNBHj; in 1N NaOH
was added. The reaction was incubated for an additional
hour before it was applied to a Q Sepharose™ Fast Flow
column (quaternary ammonium resin, strong anion
exchanger). The column was washed with 10 mM TRIS
HCI, pH = 8.0 and the protein was eluted using 10 mM
TRIS-HCI, 100 mM NaCl, pH = 8.0 buffer. The fractions
containing protein were identified using UV-vis (A,g)
and were concentrated to a 50 pL final volume using
micro-centrifuge filters (Millipore Ultrafree™ 0.5 Centrif-
ugal Filters, NMWL: 5000). MALDI-TOF spectra were
obtained using sinapic acid as the matrix.

Crystallization conditions

Crystals of the apo-R132K:L121E-CRABPII (KE) were
grown in 0.1M bis-tris-propane (BTP), pH 9.5, and 30%
PEG 4000 using the hanging drop vapor diffusion
method at room temperature. Crystals appeared after
7 days. The crystals were briefly immersed in a cryo solu-
tion containing 20% glycerol before they were flash fro-
zen in liquid nitrogen. A dataset was collected at the
Advanced Photon Source LS-CAT 21-ID-D at Argonne
National Laboratory. Processing and scaling was done
using HKL2000.35 For the dataset of apo-R132K:L121E-
CRABPII (1.68 A, P1), the crystal to detector distance

was 150 mm and 400° of data were collected with an
oscillation of 1°. Structure of the apo-R132K:L121E-
CRABPII was solved using Molrep3® in CCP437 with the
R132K:R111L:L121E-CRABPII structure as the search
model (PDB ID:2G7B). Model building was accom-
plished in both TURBO-FRODO and COOT.38
REFMAC53942 yithin the CCP4 suite of programs
was used to refine the structures against 95% of the
data, while 5% of data was chosen randomly for cross
validation, Rge.

Characterization of retinal binding to
CRABPII mutants

Binding of retinal to CRABPII and formation of a PSB
is monitored via the following experimental techniques.
The formation of retinal-CRABPII SB can be followed by
mass spectrometry. In particular, after the protein-retinal
mixture is submitted to reductive amination conditions
(addition of NaCNBH;) the SB forming proteins will
show a [M + 268]" peak in the MALDI spectrum
(where M is the mass of the CRABPII mutant and 268 is
the mass of the covalently bound retinal molecule, after
SB formation). After the imine is formed, the protona-
tion of the SB nitrogen is thought to be stabilized by
placing a counter anion Glu residue in close proximity.
The formation of a retinal-PSB is followed by UV-vis
spectroscopy. In solution, typical N-retinylidene-n-alkyl-
amines absorb at ~365 nm. In their protonated state
there is a bathochromic shift to ~440 nm. PSB forma-
tion of retinal by various CRABPII mutants is evaluated
via UV-vis spectroscopy. In addition, based on a Trp-
fluorescence quenching assay, the Ky values for the
overall binding of all-trans-retinal to CRABPII can be
calculated.

RESULTS AND DISCUSSION

As previously reported three mutations were necessary
for the engineering of CRABPII into a protein that can
bind retinal as a PSB with high affinity. Namely, in addi-
tion to engineering Lys132 (R132K mutant), Argl11 was
removed (R111L), presumably allowing retinal to adopt a
conformation that can undergo SB formation. It is
believed that by substituting Argl11l with a hydrophobic
residue an ordered water molecule was removed that was
otherwise hindering the rotation of the carbonyl to adopt
the necessary orientation for nucleophilic attack. Further-
more, introduction of a negative charge close to the
formed imine should stabilize its protonated form, acting
as a counter anion. Engineered Glul2l (L121E) can
assume this role, leading to the best retinal-PSB forming
CRABPII mutant produced thus far (triple mutant
R132K:R111L:L121E, Ky = 1.4 £+ 4.9 nM).

On the other hand, removal of Tyr134 is detrimental
for both SB and PSB formation. As shown in Table I
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Table |
Retinal Bound to CRABPII Mutants
Amax:  Red.
CRABPII protein Ky (nM) (nm)  AmP  pK.°
1 R132K 280 £ 17 379 Yes <65
2 R132K:Y134F 120 £ 5 404 No N/A
3 R132K:Y134F:R111L 160 & 7 400 Yes <65
4 R132K:R111L 567 + 36 408 Yes <6.5
5 R132K:Y134F:L121E 160 4 10 381 Yes <65
6 R132K:L121E 104 £ 11 457 Yes 78
7  R132K:Y134F:R111L:L121E 200 + 8 446 Yes 6.5
8 R132K:R111L:L121E 14 + 49 449 Yes 8.7

9 R132K:Y134F:R111L:L121E:T54V
10 R132K:R111L:L121E:T54V

11 R132K:L121E:T54V

12 R132K:R111L:T54V

13 R132K:Y134F:R111L:T54V

14 R132K:R111M:L121E

15 R132K:R111V:L121E

16 R132K:R111H:L121E

17 R132K:R111K:L121E

18 R132K:R1M1E:L121E

27 +£17 446 Yes 6.5
20 + 4.1 449 Yes 8.9
276 + 23 456 Yes  n.d.
72 + 12 418 Yes n.d.
84 + 12 412 Yes n.d.
164 + 32 449 Yes 8.8
31 + 63 449 Yes 8.9
414+ 47 447 Yes 7.8
236 + 18 460 Yes 8.1
894 + 120 390 No

“Deconvolution of overlapping UV—vis spectra is detailed previously.22

"Yes/No refers to the results obtained from MALDI-TOF analysis (presence of [M
+ 268]") of protein-retinal complex that has been subjected to reductive amina-
tion conditions.

pK, values determined by UV-vis acid-base titration.

(entry 1), the single mutant R132K is capable of SB
formation, as evident from the positive reductive amina-
tion result. However, the additional mutation of Tyrl134
into the structurally conservative Phe residue resulted in
a CRABPII mutant (R132K:Y134F, Table I, entry 2) that
can bind retinal with relatively high affinity (120 £
5 nM) but is incapable of forming an imine (SB)
(according to results from both reductive amination and
crystallography). With this double mutant in hand, we
had an excellent starting point for investigating the
mechanism of SB formation. A series of CRABPII
mutants involving the three aforementioned positions
(Tyr134, Arglll, Glul2l) were generated based on the
above observations. The experimental results obtained for
each family of CRABPII mutants, as presented in Table I,
are summarized below:

Tyr134

While the single mutant R132K was able to form an
SB, removal of the Y134 hydroxyl by construction of the
double mutant R132K:Y134F resulted in a protein that
was unable to form an imine in the presence of all-trans-
retinal, as proven by spectroscopic and crystallographic
results.2l This indicates that the hydroxyl of Tyrl34 is
essential for SB formation. Figure 1 shows that in WT-
CRABPII, Tyr134 makes a hydrogen bond to the carbonyl
oxygen of retinoic acid, indicating that it is this carbonyl
position that is required for SB formation. The structure
of the inactive mutant R132K:Y134F-CRABPII bound to
all-trans-retinal shows the chromophore bound to the
protein via hydrogen bonds with Lys132 and an ordered
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water molecule, held in place by Arglll and Thr54.
Although the distance between Lys132 and the carbonyl
carbon is close enough to react, it appears that this par-
ticular binding motif locks the carbonyl in an unfavora-
ble conformation that would not allow the nucleophilic
attack by Lys132. We postulated that by removing
Arglll and/or Thr54 the ordered water molecule that
forms a hydrogen bond with retinal’s carbonyl oxygen
will be also removed, allowing for a conformation that
can lead to imine formation. Therefore, Arglll was
replaced with a Leu residue (R111L). The resulting triple
mutant R132K:Y134F:R111L regains the ability for imine
formation (Table I, entry 3, K4 = 160 & 7 nM, Ayax =
400 nm), confirming the postulate. When the same
mutation is applied in the presence of Tyr134 the result-
ing double mutant (R132K:R111L mutant, Table I, entry
4) exhibits similar behavior. These results directly suggest
that the presence of Tyr134 can assist SB formation, pre-
sumably by interacting with the carbonyl of the aldehyde
to hold it in a reactive conformation and activate it for
the nucleophilic attack. In other words, Tyr134 can direct
retinal’s carbonyl toward Lys132, opposing the effect of
the ordered water molecule associated with Arglll
(single mutant R132K). However, when the associated
water molecule is moved out of play as a result of substi-
tuting Arglll with Leu, the presence or absence of
Tyr134 is not as critical, resulting in similar spectroscopic
behavior of both R132K:Y134F:R111L and R132K:R111L
mutants.

Interestingly, introduction of a counter anion at
position 121 (L121E) can also restore imine formation
within the protein’s binding pocket. Triple mutant
R132K:Y134F:L121E binds retinal as a SB (Table I, entry
5, Kg = 160 = 10 nM, A, = 381 nm) but does not
form a protonated SB at physiological pH, indicating
that Glul21 can compensate for loss of Tyr134, probably
by directly interacting with the retinal carbonyl oxygen.
On the other hand, when Tyrl34 is restored and the
counter anion Glul21 is maintained, the resulting double
mutant R132K:L121E can successfully form a retinal PSB
(Table I, entry 6, Apmax = 457 nm). The presence of
Tyr134 appears to have a dramatic effect on this set of
mutants, which translates into a 76 nm red shift. This
result suggests a direct interaction between the two
residues, Tyr134 and Glul21, in a way that can enhance
the ability of Glul21 to act as a counter anion (compare
the PSB pK, values of the two mutants: R132K:
Y134F:L121E < 6.5; R132K:L121E = 7.8).

Since both mutations R111L and L121E are important
for SB and PSB formation, the next logical step was
to apply them simultaneously. Therefore mutants
R132K:Y134F:R111L:L121E  and  RI32K:R111L:L121E
were produced and their retinal binding affinities were
evaluated (Table I, entries 7, 8). When Tyr134 is removed
(tetra mutant R132K:Y134F:R111L:L121E), the protein
can bind retinal as a PSB (A, = 446 nm) albeit with a
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rather low pK, (PSB pK, = 6.5). This is an interesting
result considering that none of the previously studied tri-
ple mutants that lack Tyr134 (R132K:Y134F:R111L and
R132K:Y134F:L121E) could form a PSB with retinal,
although both do form a stable SB. It appears that when
Tyr134 is removed the presence of Arglll prevents
Glul2l from acting as an efficient PSB counter anion
(mutant R132K:Y134F:L121E), presumably as a result of
ionic interactions. However, when Arglll is also
removed, tetra mutant R132K:Y134F:R111L:L121E can
bind retinal as a PSB. This result suggests that there is an
interaction between Arglll and the engineered Glul2l,
which can be detrimental for Glul21’s ability to act as an
efficient PSB counter anion. This fact is even more pro-
nounced in the series of mutants where Tyrl34 is
restored. As previously discussed, double mutant
R132K:R111L can form a SB but cannot stabilize a PSB
(Table 1, entry 4). On the other hand, double mutant
R132K:L121E can form a PSB with retinal with a pK,
value of 7.8 (Table I, entry 6). When both mutations are
combined, the resultant triple mutant R132K:
R111L:L121E (Table I, entry 8) is a low nM retinal
binder with a high apparent PSB pK, of 8.7. Removal of
Argll11 in the presence of Glul21 results in ~1 pK, unit
increase, further indicating an interaction between the
two amino acids that is detrimental for yielding PSB
forming mutants with high pK,.

Finally, the role of Thr54, the second residue associ-
ated with the critical ordered water molecule (W1,
Fig. 1) in the CRABPII cavity, was probed. Based on the
spectroscopic results, when Tyr134 is replaced (Y134F),
additional mutation of Thr54 into the structurally con-
served Val (T54V) producing penta mutant R132K:
Y134F:R111L:L121E:T54V exhibits improved retinal bind-
ing as compared to the corresponding tetra mutant
R132K:Y134F:R111L:L121E (lower K, Table I, entries 9
and 7, respectively). On the other hand, in the presence
of Tyrl34, the T54V mutation resulting in tetra mutant
R132K:R111L:L121E:T54V (Table I, entry 10) exhibits a
spectroscopic profile virtually identical to that of the cor-
responding triple mutant R132K:R111L:L121E (Table I,
entry 8), rendering the extra mutation T54V unnecessary
for successful PSB formation. As was previously dis-
cussed, both Arglll and Thr54 form hydrogen bonds
with the same ordered water molecule that is identified
to prevent SB formation with retinal (Fig. 1). However,
the polar hydrogen bond between the water molecule
and positively charged Arglll is expected to contribute
considerably more, up to 3000-fold, to the overall bind-
ing than the neutral hydrogen bond between the water
molecule and Thr54.43=45 In agreement with this obser-
vation, in the presence of Arglll, the T54V mutation
does not assist in either retinal binding or PSB formation
as evident from comparing double mutant R132K:L121E
(Table L, entry 6, Agm.x = 457 nm, Ky = 104 £ 11 nM)
with triple mutant R132K:L121E:T54V (Table I, entry 11,

Amax = 456 nm, K3 = 276 £ 23 nM). On the other
hand, in the absence of Glul21, which is suspected to
act both as a carbonyl activator and a PSB counter
anion, replacement of both Argl11l and T54 with hydro-
phobic residues significantly improves retinal binding
(R132K:R111L:T54V, Table I, entry 12, Amax = 418 nm,
Kq = 72 £ 12 nM) as compared to the R132K:R111L
double mutant (Table I, entry 4, Ay, = 408 nm, Kg =
567 + 36 nM). A similar trend is observed in the absence
of Tyr134, since the binding of retinal to tetra mutant
R132K:Y134F:R111L:T54V (Table I, entry 13, Ky = 84 +
12 nM) is worse than that observed for triple mutant
R132K:Y134F:R111L (Table I, entry 3, K4 = 120 =+
5 nM). Overall, we can see that Thr54 is important for
retinal binding only when both potential carbonyl
activators, Tyr134 and Glul21 are absent.

To summarize, we can conclude that Tyr134 is impor-
tant for SB formation. When Tyr134 is removed, other
additional mutations are required to restore the protein’s
ability to form a SB (R111L, L121E). At the same time,
Tyr134 also assists in the protonation of the imine.
When Tyrl34 is present, the above mutations can result
in improved retinal binding, both as a SB and PSB,
resulting in the triple mutant R132K:R111L:L121E identi-
fied thus far as the best retinal-PSB forming CRABPII
mutant.

Arg111

As previously reported, replacing Argl11 with a hydro-
phobic residue (R111L) was critical for the successful
reengineering of CRABPII into a retinal-PSB forming
protein.2! This mutation was responsible for the removal
of a highly ordered water molecule (W1, Fig. 1) within
the CRABPII binding cavity that was set in place by
hydrogen bonds with Arglll and Thr54. We had postu-
lated that the presence of this water molecule prevented
retinal’s carbonyl from adopting a favorable trajectory for
nucleophilic attack by the active site Lys residue (R132K)
and consequently hindered SB formation. This hypothesis
evolved from studying the crystal structures of CRABPII
mutants that did not bind retinal as a SB, such as the
double mutant R132K:Y134F.2! Removal of W1, accom-
plished by removing its hydrogen-bond partner Arglll
enabled the carbonyl to rotate such that it could adopt
an orientation necessary for SB formation.

To test this hypothesis we evaluated whether other res-
idues besides Leu at position 111 would effectively yield
a functional PSB forming protein. The working hypothe-
sis is that any amino acid that leads to the removal of
W1 (the ordered water molecule) should effectively yield
a CRABPII mutant capable of binding retinal as a PSB.
For this purpose, a series of CRABPII mutants were
produced (Table I, entries 14-18).

These proteins retain the nucleophilic Lys132 and the
PSB counter anion Glul21, while the residue at position
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111 is varied. The replacement of Argl1l by Leu (R111L)
minimized any potential problems associated with confor-
mational changes of the overall protein structure, as evi-
dent from the reported crystal structure.2l The question
remains, however, whether or not Leu is critical for the
successful PSB formation or any other hydrophobic muta-
tion, which can also result in the removal of the coordi-
nated water molecule, would be equally efficient. If the
removal of the ordered water molecule is key, as we have
previously speculated, similar results (successful PSB for-
mation) should be achieved if hydrophobic amino acids,
other than Leu, are introduced in position 111. On the
other hand, polar amino acids that can retain the highly
ordered water molecule, thus imitating Argl11, should not
allow for efficient PSB formation. The spectroscopic results
obtained from a number of mutants, as presented in
Table I, can be summarized into the following:

(i) Replacement of Arglll with hydrophobic residues
other than Leu (Met and Val entries 1415, Table 1)
yields mutants with identical UV-vis absorption
maxima (449 nm) as the RI32K:R111L:L121E-
CRABPII triple mutant, which has Leu at position
111. Similar results were also obtained when neutral
His replaced the charged Arg residue at position 111
(entry 16, Table I). These results are consistent with
the hypothesis that removal of the polar residue at
position 111 leads to loss of the coordinated water
molecule and allows for efficient PSB formation.

(ii) Replacement of Arglll with the electronically con-
served Lys (Table I, entry 7) results in the formation
of a red-shifted PSB, with an observed A, at
460 nm. The spectroscopic behavior of this mutant
is similar to that of the R132K:L121E double mu-
tant, where the original Argl11 is maintained (Table
I, entry 6). In both cases the presence at position
111 of a residue that can hydrogen bond to water in
a similar way can result in maintaining the highly
ordered W1 at its original position. The ~10 nm
red shifting associated with the presence of Lysl11
could be attributed to the interaction of Glul2l
with the e-amino group of Lys 111. As such, one
would expect a red shift as a result of greater imi-
nium ion conjugation since the cation is not as sta-
bilized locally on the iminium nitrogen atom due to
the attenuated counter anion. A weaker counter
anion (due to the above interaction) can also lead
to reduced PSB pK, as evident from the data in Ta-
ble I (entries 6, 8). Overall, the red shift characteris-
tics and the pK, of the PSB formed with positively
charged amino acids at position 111 indicate a less-
ened interaction of Glul21 with the iminium ion.

When Glu replaces Arglll the resulting protein

(Table I, entry 18) loses its ability to bind retinal as

a SB, as apparent by the negative reductive amina-

tion result. [The presence of a retinal-SB can be

(iii)
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verified by mass spectrometry (MALDI-TOF). The
presence of a mass of [M + 268]" (where M is the
mass of the protein) is indicative of a single retinal-
SB adduct (positive result). A negative reductive
amination result refers to lack of the [M + 268]%
peak in the MALDI-TOF spectrum]. Since the pro-
tein retains pM affinity for retinal (Ky = 894 £ 120
nM) one can argue that the polar Glulll can
reverse the polarity of the hydrogen-bond network
with the participation of Glul21, thus in effect pre-
venting Glul2l from activating retinal’s carbonyl
oxygen for nucleophilic attack by Lys 132. Alterna-
tively, in the midst of the otherwise hydrophobic
environment of the CRABPII cavity, the two Glu
residues (Glul21l and Glulll) can be both proto-
nated leading to the formation of a carboxylic acid
dimer (we have previously observed a similar arrange-
ment between Glul21 and the carboxylic acid of all-
trans-retinoic acid, the native substrate of CRAB-
PII).20 Such an arrangement would inhibit Glul21 to
act either as a carbonyl activator or a possible PSB
counter anion, consistent with the observed results.

Glu121

As evident from the results summarized earlier the
exact role of the engineered Glul2l in this system is
closely connected to the nature of the residue at position
111. As we have previously seen, in the absence of the
L121E mutation the protein’s ability for PSB formation is
compromised (R132K:R111L mutant, Table I, entry 4).
When there is no counter anion to stabilize the PSB, the
protein retains its ability for SB formation, albeit with a
depressed iminium pK, (pK, < 6.5 for R132K:R111L,
Table I, entry 4 vs. pK, = 8.7 for the R132K:R111L:
L121E mutant, Table I, entry 8). On the other hand,
R132K:L121E double mutant binds retinal as a PSB;
however, with a 10-fold lower affinity as compared to
R132K:R111L:L121E triple mutant that lacks Arglll
(Table I, entries 6, 8). In addition, the A, of the result-
ing PSB peak is significantly red-shifted for this double
mutant (457 nm for RI32K:LI121E vs. 449 nm for
R132K:R111L:L121E) indicating that in the presence of
Argll1l, the Glul2l counter anion might be involved in
additional interactions, either through the ordered water
molecule W1 or directly with Argl11. This putative inter-
action can affect both Glu’s efficiency as a counter anion
and its ability to activate retinal’s carbonyl oxygen
for nucleophilic addition, according to the mechanism
previously proposed.21

The UV-vis data in Table I indicates that on PSB
formation double mutant R132K:L121E red shifts more
than triple mutant R132K:R111L:L121E by ~8 nm. At
the same time, there is a significant change in the pK,
value of the formed PSB (Table I). In particular, when
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there is no counter anion present (Leul21) double mu-
tant R132K:R111L does not successfully form a PSB at
physiological pH (PSB pK, < 6.5, Table I, entry 4). In
the presence of Glul2l, when Arglll is not removed
(R132K:L121E, Table I, entry 6) the pK, for the formed
PSB is 7.8. When both R111L and L121E mutations are
applied the triple mutant R132K:R111L:L121E success-
fully binds retinal as a PSB with a pK, value of 8.7 (Table
I, entry 8). It appears that, in the presence of Glul2l,
replacement of Arglll with the hydrophobic Leu results
in increased PSB pK, values by ~1 unit. Similar results
are obtained when Arglll is replaced with other hydro-
phobic residues besides Leu (mutants R132K:R111M:
L121E and R132K:R111V:L121E, Table I, entries 14 and
15, pK, values 8.8 and 8.9, respectively). However, when
Argl11 is replaced by either a Lys or a His residue, the
pK, of the corresponding PSB is lower. As shown in Ta-
ble 1, entries 17 and 18, the pK, values for
R132K:R111K:L121E and RI132K:R111H:L121E are 7.8
and 8.1, respectively. Those values are similar to that of
the R132K:L121E mutant (pK, = 7.8, Table I, entry 6).

The latter data suggests that the presence of hydropho-
bic residues at position 111 results in elevated pK, values
for the PSB. On the other hand, any residue that is posi-
tively or potentially positively charged (Arg, Lys, His)
lowers the pK,. This is consistent with the idea that posi-
tively charged residues, such as Arg, will destabilize the
positively charged PSB if in close proximity while re-
moval of positive charges and dipoles from the PSB
region can lead to increased pK,. On the other hand, it
has been shown that negatively charged residues close to
the PSB can either directly or through polar hydrogen
bonds with water molecules, stabilize the positive charge
on the imine.46—50 Therefore, the pK, of a PSB can be
electrostatically tuned via its interaction with charged
amino acids within a protein binding site.

: ' R132K
| H H
: JH - i H-
I N - " N
w ? o0 | "z,_’ ' i
| NN o L21E SN
i all-trans-retinal all-trans-retinal
>Tw¢ ;
y HN
R111L :i

Figure 3

Besides altering the dipoles within the CRABPII cavity,
removal of Arglll can also affect the acidity of the
nearby Glul21l. The crystal structure of triple mutant
RI32K:R111L:L121E indicates that in the absence of
Argll11, Glul21 directly interacts with both the PSB and
Tyr134 [Fig. 3(a)]. However, as previously discussed, in
the presence of Arglll an interaction, either direct [Fig.
3(b)] or through a water molecule [Fig. 3(c)], between
the positively charged Arglll and Glul2l can weaken
the counter-anion character of the latter, resulting in less
stable (lower pK,) and red shifted PSB. Replacement of
Argl11 with hydrophobic residues can restore the coun-
ter anion ability of Glul21 as evidenced by the increased
pK, values concomitant with blue shifting of the PSB.
This explanation is consistent with the data presented in
Table I and initiated further investigation to probe the
mode of interaction between Arglll and Glul2l using
crystallography.

Our efforts were focused on double mutant
R132K:L121E that retains the original Arglll and also
provides Lys132 and the counter anion Glul2l. Attempts
to crystallize the holo structure of R132K:L121E bound
to all-trans-retinal did not succeed. However, the apo
form of R132K:L121E was crystallized (resolution 1.2 A)
revealing two orientations of equal occupancy for
Glul21. As shown in Figure 4(a), both configurations of
Glul2l interact with Tyrl134 through a tight hydrogen
bond (2.7 and 2.8 A, respectively), while only one of
them is engaged in a hydrogen bond (2.8 A) with the
imine-nitrogen of the Arglll guanidinium. Super-
imposed structures of apo-R132K:L121E and apo-
R132K:R1111:L121E reveal that the orientation of
Glul21, which is pointing away from Argll11 is similar in
both structures [Fig. 4(b)]. On the other hand, in the
presence of Arglll there is an alternate configuration of
Glul21 that forms a hydrogen bond with the secondary

N o
| )5 e 99 | )%
O L121E BN H’ 0 LU121E
all-trans-retinal H\Q’
TH
NH; R111 NH :
N ] @le R111 |
H HN H/\/L‘ﬁ ,

Possible interactions between Glul21 and Argll11. In the absence of Arglll, (a) Glul21 can act as a PSB counter anion while also hydrogen
bonding with Tyr134. In the presence of Argll1, the positively charged guanidinium can form a hydrogen bond with Glul21, either directly

(b) or through an ordered water molecule (c).
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Figure 4

(a) Crystal structure of apo-R132K:L121E double mutant. The green spheres represent ordered water molecules (W1: 100% occupancy, W2: 50%
occupancy) coordinated to Arglll. (b) Overlay of the crystal structures of apo-R132K:R111L:L121E (green carbon skeleton) and apo-R132K:L121E
(yellow carbon skeleton) mutants. (c) Crystal structure of apo-WT-CRABPIIL The two magenta spheres represent the two ordered water molecules
coordinated to Arglll. (d) Overlay of the crystal structures of R132K:R111L:L121E-retinal complex (blue carbon skeleton) and apo-R132K:L121E

(yellow carbon skeleton) mutants.

amine-nitrogen of Arglll, taking the place of an ordered
water molecule present in the WT-CRABPII structure
[W2, Fig. 4(c)].

A second observation, after comparing the last two
apo structures, relates to the presence of ordered water
molecules within the binding cavity that, as we have pre-
viously reported, are considered important for the correct
orientation of the chromophore and efficient SB forma-
tion. As can be seen in Figure 4(a) there are two ordered
water molecules coordinated to Arglll in the apo-

R132K:L121E structure. The first water molecule (W1),
associated with the imine nitrogen of Arglll in all the
CRABPII crystal structures, is also present here (2.7 A,
100% occupancy) while the second water molecule (W2),
associated with the secondary amine nitrogen of the gua-
nidinium (2.7 A), is only present 50% of the time. The
overall picture is similar to what was previously observed
for the apo-WT-CRABPII structure [Fig. 4(c)] where in
the absence of Glul21 the two water molecules, W1 and
W2, are always coordinated to Arglll and are part of a
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more extended ordered water network within the CRAB-
PII cavity.!7-20 In the case of the apo-R132K:L121E
mutant [Fig. 4(a)] the partial occupancy of W2 (50%)
can also explain the two distinct conformations observed
for Glul2l. It appears that 50% of the time Arglll is
involved in a electrostatic interaction with Glul21 while
the other 50% it is engaged in a hydrogen bond inter-
action with W2. It also appears that the conformation of
Glul21 required for direct interaction with Arglll pulls
Glul21 away.

Finally, although we have not been successful in crys-
tallizing the all-trans-retinal-bound form of R132K:L121E
mutant we believe that, in compliance with the apo
structure, the direct interaction between Glul2l and
Arglll is maintained in the holo structure as well.
Keeping that in mind, when the crystal structures
of apo-R132K:LI121E and all-trans-retinal bound R132K:
RII11L:L121E are superimposed [Fig. 4(d)] one can
notice that there are two orientations of Glul2l in
R132K:R111L:L121E-retinal, both of which are pointing
towards Tyr134 and the PSB and close to the non-
Arglll-coordinating conformation of Glul2l in the
apo-R132K:L121E structure. It appears that, even in the
retinal-bound holo structure of RI132K:R111L:L121E,
Glul2l does not rotate away from Tyrl34 and the PSB
in the absence of Argl11. However, when Argll1l is pres-
ent its direct interaction with Glul21 weakens the coun-
ter anion effect and results in a lower PSB pK, value and
more red-shifted UV-vis spectrum observed for the
R132K:L121E mutant.

CONCLUSIONS

To summarize, we have identified three necessary con-
ditions for PSB formation and have investigated the
relative importance and ramifications of each: (1) The
nucleophile provided by Lys132 must be properly posi-
tioned for attack. (2) The carbonyl must also be properly
positioned and activated for attack. This is accomplished
by either Tyr134 or Glul2l, since they can both form a
hydrogen bond with retinal’s carbonyl to activate and
position it in the correct conformation for the nucleo-
philic attack. It also requires the removal of the water-
mediated interaction between Arglll and the retinal
carbonyl that positions it in the wrong conformation for
attack. Though substitution at this position is important,
replacement of Arglll by different amino acids can be
tolerated. However, any polar residue in this position can
result in the incorrect carbonyl conformation via the
water mediated interaction. (3) The PSB must be stabi-
lized by a counter ion (Glul2l). The counter ion must
be deprotonated, which is enhanced by interaction with
Tyr134, and must also be properly positioned and polar-
ized, which can be sabotaged by interaction with Arglll
or even more detrimentally by Glul1l.
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