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ABSTRACT. Csk is a soluble protein tyrosine kinase that phosphorylates and negatively regulates protein
tyrosine kinases of the Src family. The spectral properties of the intrinsic Trp fluorescence of Csk and
their underlying structural features were investigated in combination with urea denaturation and site-
specific mutagenesis. It was found that W352 contributed approximately 35% of the total Trp fluorescence
of Csk even though seven other Trp residues were present. The enhanced contribution by W352 to Csk
fluorescence was due to an interaction between its indole ring and the positively charged guanidino group
of R318. W352 is located on the peptide substrate binditd Bop, and R318 is located on the catalytic

loop. The W352-R318 interaction, called a catiemnr interaction, uniquely couples the two loops in the
active site. Mutations that disrupted this coupling resulted in varying levels of decreases in Csk activity,
and consistent and significant increase&invalues for its physiological substrate, Src protein tyrosine
kinase. These results indicated that structural coupling between the two loops by the gdtiteraction

played an important role in Csk substrate binding. Since both R318 and W352 are highly conserved
among protein tyrosine kinases, this cationinteraction is likely a signature structural feature of most,

if not all, PTKs. These studies elucidated the roles of two conserved signature residues in Csk and formed
a baseline for further structurdunction studies of Csk and other PTKs.

Protein tyrosine kinases (PTKsare a large family of  all other PTKs in overall structure, and consists of two
enzymes that catalyze the phosphorylation of specific Tyr lobes: the N-terminal lobe that binds AFRMg substrate,
residues in selected protein substratgs This posttransla-  and the C-terminal lobe that binds the protein substi@te (
tional modification alters the properties of the substrate The cleft between the two lobes is the active site, where
proteins and is a key mechanism in cellular signal transduc- phosphoryl transfer occurs during catalysis. The active site
tion. Due to their critical roles in cell signaling and the cleft contains two loop structures: the catalytic loop and the
correlation between their activity and disease processes ofactivation loop. The catalytic loop of Csk, like those of most
the cell, many PTKs are targets for inhibitor development PTKs, contains the following sequence: ¥fisArg-Asp-Leu-

(2). For the purposes of understanding their mechanisms inAla-Ala-Arg-Asn?!®. Most of the catalytic loop residues are
signal transduction and developing PTK inhibitors for highly conserved and are believed to be critical for catalysis.
therapeutic applications, establishing the structdfivaction The activation loop is usually ¥521 residues long, starts
relationships of PTKs is an important area of research.  with a highly conserved ASg>Phe-Gly motif on the

Csk is a soluble PTK that phosphorylates and negatively N-terminal end, and is followed by thetR loop located on
regulates the function of PTKs in the Src famiB; 4). Due the peptide binding lobe. The activation loop often contains
to its ease of expression, its lack of autophosphorylation, one or multiple Tyr residues as the autophosphorylation site-
and its relatively simple structure, Csk has emerged as a(s) (9). Autophosphorylation of such residue(s) leads to
model in understanding PTK structar@inction relationships  activation of the kinased (). PTKs of the Csk family (Csk
(5, 6). Csk contains an SH3, an SH2, and a catalytic domain and Chk) are exceptions in that their equivalent loops do
in the order of N- to C-terminus (Figure 1A)) The not contain a Tyr residué’(11). The Csk P-1 loop has the
catalytic domain of Csk (Figure 1B) is similar to those of sequence of Ly8-Leu-Pro-Val-Lys-Trp-Thr-Ala-Pro-GR3®.

: Many residues in this loop are also highly conserved among
' This work was supported by grants from the NIH (1 P20 RR16457) pTKs, Several residues in the-B loop in other PTKs, and
and the University of Rhode Island Research Council. !
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A Sigma. DNA primers were synthesized by Integrated DNA
Technologies. jf-*?P]JATP (6000 Ci mot') was purchased
from PerkinElmer.

SH3 SH2 Catalytic domain Recombinant Kinase Expression and Site-Specific Mu-

tagenesisWild-type Csk was expressed i coli (DH5a)

using pGEX-Csk-st plasmi26, 27). Site-specific mutants

were generated using QuikChange (Stratagene). The entire
coding regions of the mutant plasmids were sequenced to
confirm that the correct mutations were incorporated. The
glutathioneStransferase (GSTHCsk fusion proteins were

purified by glutathione affinity chromatographg?, 28).

GST and Csk were separated by thrombin digestion on the

affinity column @8) in 50 mM Tris-HCI, pH 8.0. The Csk

released from GST by thrombin digestion was eluted with

50 mM Tris-HCI, pH 8.0, and stored at80 °C in aliquots.

i The chicken Src mutant devoid of kinase activity (kdSrc,

. Catalytic loop Src-K295M) was coexpressed with GroEL and GroES

' chaperone in BL21(DE3) as previously describ2g) (It has

been previously shown that K295M mutation abolished the

P+1 loop Src kinase activity, but did not affect its ability to serve as

a substrate for Csk29, 30).

Kinase Actiity Assays.The kinase activity of Csk and
mutants was determined using kdSrc apefP]ATP (600
dpm pmot?) as the substrates as described previoualy. (
Briefly, phosphorylation reactions were performed ini&0

volumes at 30C in the protein kinase assay buffer: 50 mM

FiGurRe 1: Structure of Csk. (A) A diagram illustrating Csk  Tris-HCI (pH 8.0) containing 5% glycerol, 0.005% Triton

structural organization. (B) Tertiary structure of the catalytic domain X-100, 0.05% 2-mercaptoethanol. The standard assay used

of Csk. The coordinates for the structure were obtained from the
Protein DataBank (1BYG), and the picture was generated using 2 mM MnCl, 0.2 mM ATP, and &M kdSrc. After a 10

WebLab Viewer (Molecular Simulations Inc.). The catalytic and Min reaction time, 3L of the reaction mixture was spotted
P+1 loops are indicated. R318 and W352 residues are representeconto Whatman filter paper squaresx11 cm), which were

in ball-and-stick and are labeled. washed in 5% TCA at 68C 3 times at 10 min each. The
radioactivity incorporated into kdSrc was determined by
as trans-phosphorylation on other specific Tyr, Ser, and Thr jiquid scintillation counting. For each assay reaction, a
residues, and association of the regulatory domains to theirpackground control, in which all reaction components except
respective ligands also regulate the structure and functionydsrc were present, was used to correct for nonspecific
of the kinase domain2(). Elucidation of the relationships phosphorylation, Csk autophosphorylation, and washing
between the dynamic conformational changes and the ki”asebackground. Assays were performed in duplicate, and each
function is an important aspect of structuffeinction studies.  assay was repeated at least twice with reproducible results.
The fluorescence of Trp is extremely sensitive to its  To determine the catalytic parameters of Csk using kdSrc
environment. Intrinsic Trp fluorescence can often be used as a substrate,110 M kdSrc was used as the variable
as a sensitive reporter for the conformational changes of ansubstrate. Thé&,, and V. values were determined using a
enzyme as a result of its binding to substrates, inhibitors, or double-reciprocal plot as described earligt)(
other ligands, or due to covalent regulatory modifications.  yUrea Denaturation and Intrinsic Trp Fluorescencall
This tEChnique in combination with Site-SPECiﬁC mutagenESiS fluorescence determinations were performed on a Perkin-
and chemical denaturation has been used to elucidateg|mer LS55 luminescence spectrometer at 5. To
structure-function relationships of a large number of proteins  minimize the contribution of Tyr and Phe residues to the
and enzymes2(1-24), but rarely applied to studying PTKs  flyorescence, an excitation wavelength of 295 nm was used
(25). However, these techniques may be particularly useful (25). Csk at 0.5:M was mixed with the given concentrations
in characterizing the dynamic conformational changes as- of yrea in 50 mM Tris-HCI, pH 8.0, and incubated atZ%
sociated with catalysis and regulation of PTKSs. In this report, for 1 h. The emission spectra from 320 to 420 nm were
we applied these techniques to investigate the spectral andecorded. Integrated fluorescence was calculated using the
structural properties of Csk. These studies form a baselineF. winLab software (PerkinElmer) and reported as a
for further investigation of the catalytic and regulatory measure of the total fluorescence intensf).(The wave-
dynamics in Csk and other PTKs. length of maximum emission for each spectrutp.f) was
manually determined from the spectrum.

R318

EXPERIMENTAL PROCEDURES

. . RESULTS
Chemicals and Reagentall reagents used for bacterial

culture and protein expression were purchased from Fisher. Initial Characterizations of the Intrinsic Trp Fluorescence
Chromatographic resins, glutathione-agarose, iminodiaceticof Csk.Csk contains eight Trp residues, two (W8 and W47)
acid-agarose, and Sephadex G25 were purchased fromn the SH3 domain, one (W82) in the SH2 domain, and five
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Ficure 2: Denaturation profile of Csk. Csk (Qu) was incubated

in 50 mM Tris-HCI, pH 8.0, and different concentrations of urea Csk enzymes
ranging from 0 to 8.5 M at 258C for 1 h. The spectra of Csk . . o

circles) of each spectrum was determined manually from the Kinase activities of Trp to Phe mutants of Csk were determined

spectrum, ané, (open circles) was calculated using the FL WinLab USing kdSrc as the protein substrate{8). The activity of wt
software. Csk was taken as 100%. Standard errors are shown as error bars.

(W188, W352, W370, W377, and W423) in the catalytic  The second phase occurred in the range of-8.5 M
domain. As the first step of establishing spectral properties urea. This phase exhibited a slow and gradual increabe in
of Csk, we determined its intrinsic Trp fluorescence spectrum and a simultaneous red shift Axax from 346 to 355 nm.
and how urea unfolding affected the spectrum. Native Csk The red shift ifnax Suggested a gradual increase in exposure
had a fluorescence emission spectrum typical for a protein of Trp residues to the aqueous environment, indicative of
with a Amax Of 348 nm (data not shown). THgax of 348 nm an unfolding of the hydrophobic core of Csk structure. Based
was significantly shorter thafmax values of 355-360 nm on this biphasic denaturation, the conformational changes
for free Trp amino acid, indicating that these Trp residues in the first phase likely represented disruption of interactions
in Csk were located in relatively hydrophobic environments. that were unique to either Csk itself or the kinase structure
In comparison, the Csk sample incubated with 8.5 M urea in general. We decided to further investigate the structural
had a markedly different spectrum. The denatured Csk hadbases for these conformational changes.
an F; about 50% of that of native Csk, and an emission Trp352 Had an Enhanced and Red-Shifted Emission
maximum of 355 nm, red-shifted by 7 nm compared to that SpectrumTo identify the Trp residue(s) whose fluorescence
of the native Csk. The red shift itihax indicated that urea  was sensitive to the conformational changes in the first phase,
treatment exposed the Trp residues to more polar environ-each of the eight Trp residues in Csk was individually
ments. Thelna of 355 nm for the urea-treated Csk was mutated to Phe. The expression levels and purified yields
identical to that of a Trp-containing peptide in aqueous for five (W8F, W47F, W82F, W188F, and W352F) of the
solution @3), suggesting that incubation with 8.5 M urea mutants were comparable to those for wt Csk. The other three
resulted in complete unfolding of Csk. mutants (W370F, W377F, and W423F) were expressed in
Gradual unfolding by increasing urea concentration can E. coli, but did not bind to GSH-agarose columns. The lack
resolve a protein structure into different substructures ac- of binding by these mutants was likely due to incorrect
cording to their sensitivity to urea denaturati®@2), The folding or lack of stability. These three Trp residues are
changes ofF; and Amax of Csk as functions of urea located in the hydrophobic core of the peptide binding lobe
concentration can be divided into two distinct phases (Figure (8, 33), and may play essential roles for the correct folding
2). The first phase occurred in the range ef25 M urea, of the kinase.
and was characterized by a 50% decreade gnd a 2 nm Mutations of W8, W47, and W82 had relatively minor
blue shift inAmax Both the large decrease fhand the blue  effects on the specific activity of Csk, suggesting that these
shift in Amax indicated that certain Trp residue(s) underwent mutations did not result in global misfolding of the Csk
profound changes in its (their) environment as a result of protein (Figure 3). W188F and W352F mutations decreased
incubation with up to 2.5 M urea. The large decreas€iin  the activity by 70% and 90%, respectively. The retention of
was consistent with two possibilities: either Trp fluorescence at least 10% of the wt activity argued against the possibility
was enhanced in native Csk or it was quenched in 2.5 M that any of these mutations caused gross misfolding of the
urea-treated Csk. The first possibility was considered more mutants. In the absence of global structural disturbance, it
plausible, since it was more likely that one or a few Trp is unlikely that the mutations affected the fluorescence
residues were located in a fluorescence-enhancing environ-contributions of other Trp residues. This consideration allows
ment in native Csk. On the other hand, it is difficult to us to assess the apparent contribution of fluorescence by each
envision a conformational change that could result in 50% of the mutated residues.
qguenching of the total fluorescence of eight Trp residues Mutation of W8, W47, W82, or W188 to Phe did not
located in different domains without unfolding the protein. change thélmax, and decreaseh, to various extents, by as
The blue shift indicated that the environment of some Trp low as 4% for W82F and as much as 13% for W8F (Figure
residues became more hydrophobic upon incubation with up4A). Mutation of W352F had a much more striking effect
to 2.5 M urea. The lack of red shift iAmax in this phase on both the emission intensity and thg., decreasing the
indicated that hydrophobic core structures that harbored theformer by 35% and shifting the latter by 6 nm from 348 nm
Trp residues were not unfolded. for wt to 342 nm for the mutant. The apparent fluorescence
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positively charged guanidino group of R318 from the
catalytic loop (Figure 1B). This interaction likely provides
FIGURE 4: Fluorescence spectra of wt and Trp to Phe mutants of a polar and rigid environment for W352, and would be
Csk and calculated spectra of individual Trp residues. (A) Fluo- consistent with the assignment of W352 as the main reporter

rescence spectra of wt and Csk mutants. The dashed lines wer ; ; :

added to highlight the difference inax of W352F with other Trp ?f the co.nformaﬁlonql _((j:hangfeshln the .f'rSt phasg olfkulrea
to Phe mutants and the wt. (B) Fluorescence spectra of individual d€naturation. The rigidity of the environment is likely
Trp residues determined by subtracting the spectra of individual responsible for the enhanced fluorescence intensity while the

Trp to Phe mutants from that of wt Csk. Thgaxof W352 emission, polarity of the environment is responsible for the longigs
indicated by the dashed |ine, Wa_S Signiﬁcantly red-shifted Compared These analyses also |mp||ed that the Conformatlonal Changes
to the spectra of other Trp residues. in the first phase of urea denaturation involved disruption
of this cation-u interaction.
spectrum of each Trp residue was determined by subtracting To test this hypothesis, we mutated R318 to Ala, which
the fluorescence spectrum of each Trp mutant from that of would be expected to remove the enhancement and red shift
wt Csk @4) (Figure 4B). It was evident that the apparent from the fluorescence of W352. The spectrum of R318A
fluorescence spectrum of W352 was significantly higher in was compared to those of wt and W352F in Figure 6A. As
intensity, and significantly red-shifted itha, compared to expected, the fluorescence intensity of R318A was ap-
the “average” Trp residue in Csk. These spectral character-proximately 35% lower than that of the wt Csk, and closer
istics suggested that W352 was located in a highly rigid and to that of W352F. Furthermore thg,.x was blue-shifted by
hydrophilic environment. 3 nm (compared to wt Csk) to 345 nm, indicating that the
To determine if W352 was the main fluorescent reporter side chain of R318 was responsible for the intensity
of the conformational changes occurring in the first phase enhancement and red shift in Csk Trp fluorescence. This
of Csk denaturation, we determined the denaturation profilesresult was consistent with our hypothesis that R318 enhanced
of W352F and other Trp to Phe mutants. The denaturation and red-shifted the fluorescence of W352.
profiles of W8F (Figure 5) and other Trp to Phe mutants  To test if the mutation of R318A only specifically affected
(data not shown) were virtually indistinguishable in both the fluorescence of W352, but not that of other Trp residues,
phases from that of wt Csk. In contrast, the denaturation we generated a double mutant of R31:8W352F (Figure
profile of W352F is dramatically different. Both the large 6A). The emission spectrum of R318AV352F was virtually
decrease i, and the blue shift ilmax Were absent in the  identical to that of W352F, indicating that in the absence of
denaturation profile of W352F, clearly indicating that W352 W352, mutation of R318 to Ala had no detectable effect on
was the reporter of the conformational changes occurring in the Csk fluorescence spectrum. This result demonstrated that
the first phase. R318 affected the fluorescence of only W352, but not other
The Fluorescence Spectrum of W352 Is Enhanced andTrp residues. On the other hand, the similarity of the spectra
Red-Shifted by a Catiefr Interaction with R318W352 is of R318A—W352F and R318A indicated that in the absence
located in a conserved region of Csk called thelHoop. of the positively charged side chain of R318, mutation of
In the crystal structure of Csk, the indole ring of W352 W352F caused only a minor decreaséjand a minor blue
apparently forms a catiefir interaction 84) with the shift in Amax This result further demonstrated that the spectral

Emission wavelength (nm)
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Table 1: Catalytic Properties of Csk Mutants Disrupting the
W352—R318 Catior-7r Interaction

enzyme Kear (MINTY) K ka-sre) @M) K ate) (M)
wit 84.5+ 8.8 2.5+ 0.05 97+ 2
W352F 10.8+ 0.3 46.1+ 3.1 135+ 20
R318A 0.5+0.2 15.0+ 4.0 357+ 140
W352FR318A  nd nd nd
A316R-R318A 33.5+1.3 23.8+ 1.1 270+ 2
W352A 19.94 2.2 27.5+ 3.0 188+ 51
W352L 11.0+ 0.6 175+ 1.1 214.6+ 46
W352E ns ns ns

2 The numbers in parentheses are standard errors calculated from at
least four assay$.nd: not detectable. Activity less than 0.1% of that
of wt could not be reliably detecteéins: the enzyme is not expressed
in the soluble form in our expression system.

acted as a reporter for the conformational changes in the
first phase of denaturation.

Function of the W352R318 Cation-x Interaction W352
is located on the highly conserved-R loop, and R318 is
located on the catalytic loop. Considering the key functions
for these loops, the demonstrated catian interaction
between R318 and W352 would be expected to be critical
for the catalytic function of Csk.

We addressed this issue by determining the catalytic
parameters of Csk mutants that disrupted this cation
interaction (Table 1). Csk specifically phosphorylates PTKs
of the Src family on a C-terminal Tyr residue (Tyr527 in
Src) and inactivates their kinase activity. To eliminate the
intrinsic kinase activity of Src and use such a kinase-defective
Src (kdSrc) as a substrate for Csk, we used a Src mutant in
which Lys295 in the ATP binding domain was mutated to
Met. It has been shown that this mutant had no kinase activity
and served as good substrate for C28)(

The mutant W352F retained approximately 13 % wt
activity (kea), without significantly affecting theK,, for
ATP—Mg. On the other hand, thK, for kdSrc increased
17-fold from 2.5 to 46. kM. The mutant of R318A retained
only 0.6% of wt activity with a slightly increasel, for

was disrupted. (A) Spectra of wt and Csk mutants designed to ATP—Mg. The K, for kdSrc was 5 times higher than that

disrupt the catiortor interaction between R318 and W352. Dashed
lines were added to indicate the differencesiipx among the
mutants and wt Csk. WFRA stands for the double mutant
W352F-R318A. (B) Denaturation profiles of wt and catien
interaction mutants of Csk.

properties of W352 were caused by the catianinteraction
with R318, not other interactions.

We next compared the denaturation profile of W352F,
R318A, and R318AW352F to wt Csk (Figure 6B). In the
first phaseJF; of the mutants decreased slightly, but much
smaller than the decrease I for wt Csk. Furthermore,

of wt. The effect onK, by both R318A and W352F
mutations suggested that the cationinteraction between
the catalytic loop and thedPL loop was important for protein
substrate binding.

Since mutation of W352 to Phe had much less effect on
the kinase activity than R318A mutation (13% vs 0.6%), it
was possible that F352 could partially fulfill the function of
W352 by forming a catiorisr interaction with R318. To test
this possibility, we mutated W352 to Ala and Leu, two
hydrophobic residues that could not form cationinterac-
tion with R318. Purified W352A and W352L had virtually

denaturation in the first phase did not result in a blue shift identical catalytic parameters as W352F (Table 1), indicating
in Amax for any of the three mutants. These data demonstratedthat Phe did not form a functional catierr interaction with

that disruption of the cationn interaction was largely
responsible for the observed decreask;iand the blue shift

R318. To determine if a salt bridge could replace the
cation—u interaction, we also mutated W352 to Glu. W352E

in Amax IN the first phase of denaturation of wt Csk. The was not expressed as a soluble protein and could not be
second phase of the denaturation profile was indistinguish- purified. One explanation for this effect is that a negatively
able between the mutants and wt Csk, indicating that the charged residue could not be accommodated in the cavity
unfolding of the hydrophobic core of Csk was not affected occupied by W352, suggesting that the catianinteraction

by the mutations that disrupted the cation interaction. likely served a unique structural function in mediating an
From these results, we concluded that the catimnterac- interaction between hydrophobic and polar surfaces, which
tion between W352 and R318 was responsible for the could not be served by other types of weak interactions in
enhanced and red-shifted fluorescence of W352, which thenprotein structures.
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The effect of R318A mutation was similar to a previous
report 35), which also found that the mutation of A316R
could partially rescue the mutant of R318A. In PTKs of the
Src family, the position equivalent to 316 contains an Arg
while the position equivalent to 318 contains an Ala.
Examination of the crystal structures of PTKs of the Src
family (14—16) indicated that Arg at 316 (following Csk
numbering) also forms the catieix interaction with W352.
We examined if this rescue was due to the restored cation
interaction, using a double mutant of A316R318A. The
double mutant A316RR318A had ak.y of 33.5 min?,
approximately 40% of that of wt, and more than 65-fold
higher than that of R318A. Thi€, for kdSrc of the double
mutant was almost 10 times that of the wt. This result
indicated that Arg at 316 could only partially fulfill the
function of Arg at 318, but could not rescue the defect in
protein substrate binding. The denaturation profile of A316R
R318A was virtually identical to that of R318A (data not
shown), indicating that Arg at 316 did not enhance the

Lee et al.

as the reporter for the conformational changes induced by
autophosphorylation. W1175 of IRK is homologous to W352
of Csk. Their study suggests that this cationinteraction

is sensitive to conformational changes in the active site of a
PTK due to autophosphorylation.

In addition to forming the cations interaction, R318
appears to have other functions, since mutations of R318
had much greater effects (by about 20-fold) kg than
mutations of W352. To understand this possible additional
function for R318, we examined the potential interactions
of its corresponding residue, R1136, in the crystal structure
of IRK in complex with AMPPNP and peptide substrates
(Figure 7B). One of the twgN atoms of R1136 is about
3.3 A away from the indole ring, and is apparently forming
the catior-7 interaction. The othepN is 2.9 A from one
oxygen of the catalytic base, D1132, whild is 3.1 A from
the phenolic oxygen to be phosphorylated, and 3.9 A from
oney-phosphoryl oxygen. These additional interactions are
likely responsible for additional functions for R318 other

fluorescence of W352. These results suggested either thathan the catiorrsr interaction. It is interesting to note that

Arg at 316 did not form the cationrr interaction with W352
or that the cations interaction was not fluorescence-
enhancing.

DISCUSSION
The identification and understanding of the network of

even though the catalytic loop in PKA, a Ser/Thr kinase,
shares only 50% sequence identity in the catalytic loop with
IRK and Csk (Figure 7A), similar interactions in the active

site are conserved (Figure 7C). In PKA, E170 occupies the
position corresponding to R1136. This negatively charged
residue forms a salt-bridge with the Arg at the P-2 position

molecular interactions that are essential for the structure,of the peptide substrate (Ser as the 0 position). This
regulation, and catalysis of PTKs are critical for understand- interaction couples the catalytic loop with the peptide
ing the mechanisms of signal transduction and developing substrate directly, likely functionally comparable to the
specific PTK inhibitors. Although crystal structures of several cation—sx interaction that couples the catalytic loop with the
PTKs are now available, detailed structufanction rela- substrate binding P1 loop. Additional interactions of the
tionships are still not clearly understood. Part of the difficulty R1136 with the catalytic base, the phosphate accept(d#,
rests in the fact that the regulatory and catalytic processesand they-phosphate of ATP appear to be fulfilled by another
involve dynamic conformational changes to the enzyme and positively charged residue, K168, in the catalytic loop in
such conformational changes are elusive to investigate.PKA. Such a conservation of interactions between PTKs and
Considering the high sensitivity of intrinsic fluorescence to PKA even when the primary sequence in the catalytic loop
the environment of Trp residues and conformational changesvaries dramatically suggests catalytic importance. The re-
in proteins, we are interested in probing conformational cently published 36) crystal structure of PKA in complex
changes with this powerful technique. In this report, we with a transition-state analogue, AJFreveals that K168
conducted an initial investigation of the spectral properties forms a hydrogen bond with one of the fluorides (Figure
of a model PTK, Csk, and further elucidated the structural 7D), further demonstrating the importance of the positive
basis for the observed spectral properties. These studiesharge of K168 in phosphoryl transfer. Such a comparison
confirmed that W352 located in thetR loop formed a between PKA and PTKs favors the notion that R318 (R1136
cation—z interaction with R318 in the catalytic loop, and of IRK) has at least two functions: forming the catiam
revealed that the catient interaction enhanced the fluo- interaction with W352 and additional interactions that are
rescence emission of W352 and caused a significant red shiftalso important for catalysis. The details of this additional
to the Amax compared to other Trp residues located in a catalytic function wait to be fully determined. Potentially,
hydrophobic environment. We further demonstrated that the the fluorescence yield of W352 due to the cation
cation— interaction played a critical role in couplingt interaction could be used as a reporter to probe the function
loop, responsible for substrate binding, to the catalytic loop, of R318.
which contains many catalytically essential residues. These Mutations that disrupted the catiemr interaction had a
studies established correlations of a specific structural featuresignificant effect on Csk binding of its protein substrate.
with the intrinsic fluorescence properties, and the catalytic These data support the notion that thelPloop is part of
functions of Csk. the surface for peptide substrate binding. Csk recognition
Since W352 and R318 and their catiam interaction are of PTKs of the Src family is extremely specifico far, Csk
conserved structural features among all PTKs, urea dena-appears to phosphorylate only Src family PTKs in vivo. The
turation and intrinsic fluorescence characterization may be mechanisms that ensure this specificity have been contro-
useful techniques in characterizing regulation-related con- versial and actively investigate@9, 37-39). In addition to
formational changes in all PTKs. Using the recombinant interactions between the local amino acid sequence sur-
catalytic domain of IRK, Kohanski and co-workers demon- rounding Y527 in Src and the active site of Csk, other
strated 25) that autophosphorylation of IRK alters the interactions between the two molecules also play important
intrinsic fluorescence of IRK, and further identified W1175 roles @9). Our results in this current report demonstrated
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the P+1 loop likely plays an important role in this PFK
substrate recognition.

The cation-x interaction is another weak interaction that
stabilizes tertiary structures of proteins, in addition to
hydrophobic interactions, salt-bridges, hydrogen bonds, and
van der Waals interactions. This interaction has been noted
in the crystal structure of a large number of proteiB4)(
and bimolecular interactiongd@, 47). Results in this current
report demonstrated a critical role for this interaction in the
active site of a PTK. The effect of the cation on the spectral
properties of ther electrons in this interaction is worth
noting. Since it is expected that all cation interactions
involving a Trp will provide a partially polar environment
for the Trp residue, enhancement to its fluorescence intensity
and red shift of thélmax may be a hallmark of Trp residues
involved in catiorn-zr interactions. If proven true, intrinsic
fluorescence may be an especially useful method for studying
the Trp residues in catiefr interactions. Our results also
provided indications of the uniqueness of this interaction.
We attempted to determine if a salt bridge can replace the
cation—x interaction, by mutating W352 to Glu, but this
mutant was unstable, suggesting that a negatively charged
residue replacing the hydrophobic Trp would destabilize the
protein structure. In contrast, mutation of W352 to Phe, Leu,
or Ala merely abolished the catiemr interaction without
destabilizing the overall Csk structure. These results indicated
that the unique properties of Trp as a hydrophobic side chain
that is able to interact with positively charged Arg or Lys
residues likely serve a unique role in structural biology.
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