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ABSTRACT. 'H and ®N NMR studies have been undertaken on complexed aftobacillus casei
dihydrofolate reductase (DHFR) formed with analogues of the antibacterial drug brodimoprim (2,4-diamino-
5-(3,5-dimethoxy-4-bromobenzyl)pyrimidine) in order to monitor interactions between carboxylate groups
on the ligands and basic residues in the protein. These analogues had been designed by computer modeling
with carboxylated alkyl chains introduced at tHeGBposition in order to improve their binding properties

by making additional interactions with basic groups in the protein. Specific interactions between ligand
carboxylate groups and the conserved Arg57 residue have been detected in stiidiieBld SQC spectra

of complexes of DHFR with both the 4-carboxylate and the 4,6-dicarboxylate brodimoprim analogues.
The spectra from both complexes showed four resolved signals for the foupietbns of the guanidino

group of Arg57, and this is consistent with hindered rotation in the guanidino group resulting from
interactions with the 4-carboxylate group in each analogue. In the spectra of each complex, one of the
protons from each of the two NHyroups and both nitrogens are considerably deshielded compared to
the shielding values normally observed for such nuclei. This pattern of deshielding is that expected for a
symmetrical end-on interaction of the carboxylate oxygens with the'f\&hd NH?? guanidino protons.

The differences in the degree of deshielding between the complexes of the two structurally similar
brodimoprim analogues and the methotrexate indicates that the shielding is very sensitive to geometry,
most probably to hydrogen bond lengths. Th#!*N HSQC spectrum of the DHFR complex with the
brodimoprim-6-carboxylate analogue does not feature any deshielded Argidkbns and this argues
against a similar interaction with the Arg57 in this case. It has not proved possible to determine whether
the 6-carboxylate in this analogue is interacting directly with any residue in the prét#tiN HSQC
spectra have been fully assigned for the complexes with the three brodimoprim analogues and chemical
shift mapping used to explore interactions in the binding site.Fhsignals of the bound ligands for all

three brodimoprim analogues have been assigned. THe&inemical shifts were found to be fairly similar

in the different complexes indicating that the 2,4-diaminopyrimidine and the benzyl ring are binding in
essentially the same binding sites and with the same overall conformation in the different complexes. The
rotation rate about the 98¢ bond in the brodimoprim-4,6-dicarboxylate complex with DHFR has been
determined from a zz-HSQC exchange experiment, and its value is quite similar to that observed in the
DHFR-methotrexate complex (24 10 s at 8°C and 50+ 10 st at 15°C, respectively). ThéH and

15N chemical shift differences of selected amide and guanidino NH groups, measured between the DHFR
complexes, provided further evidence about the interactions involving Arg57 with the 4-carboxylate and
4,6-dicarboxylate brodimoprim analogues.

Dihydrofolate reductase catalyses the reduction of dihy- (1). Many analogues of trimethoprim have been synthesized
drofolate to tetrahydrofolate using NADPH as a coenzyme. in attempts to find inhibitors which might have potential as
This enzyme is essential for cellular growth, and it has proved improved antifolate drugs2( 3). In previous studies, we
a useful target for antifolate drugs that act by inhibiting the examined a series of analogues of the related antibacterial
enzyme in malignant and parasitic cells. One of these, drug brodimoprim (2,4-diamino-5-(%'-dimethoxy-4-bro-
trimethoprim (2,4-diamino-5-(3',5'-trimethoxybenzyl)py- mobenzyl)pyrimidine) Z) which had substituents at the@
rimidine) (1) is a clinically useful antibacterial drug which  position designed to make additional interactions with basic
selectively inhibits dihydrofolate reductase in bacterial cells groups in the protein (structur8s-5; see Chart 1)4). One
of these analogue$) has a 4,6-dicarboxylic acid side chain

t This work was supported by funds from the Medical Research designed to interact with Arg57 and His28liactobacillus
Council. PMN was funded by the Spanish Ministry of Education and caseidihydrofolate reductase, and this was found to bind a

Science. . .
*The coordinates of the structure of the complex ofaseiDHFR factor of 16 more tightly to the enzyme than did the parent

and 4,6-dicarboxylate brodimopring)(have been deposited as PDB ~ Molecule, brodimoprim (analogu8sand4 also bind 50 and
entries 1dis and 1diu. 20 times more tightly as estimated from their respeckyve
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close to the imidazole ring of His28 and the changeHla p
was interpreted as reflecting an ieion electrostatic interac-
tion between the two groups. The similar increaseKn @f
His28 was detected on forming the complex with the
brodimoprim-4,6-dicarboxylate analogieindicating that
one of the carboxylate groups is interacting with His28 in a
manner similar to that observed in thecaseidihydrofolate
reductase complex with methotrexate. In a subseqtiént
NMR study of the complex of the brodimoprim-4,6-dicar-
boxylate analogue and. caseidihydrofolate reductase)

the intermolecular and intramolecular protgoroton NOEs
were measured between protons on the ligand and the protein
and used to provide distance constraints for inclusion in simu-
lated annealing and energy minimization calculations to dock
the brodimoprim-4,6-dicarboxylate into its binding site in
the enzyme. This approach allowed the conformations of the
aromatic rings to be determined (torsion angless —153

+ 4° (C4—C5—-C7—-C1); 1,= 53+ 4° (C5—-C7—-C1—-C2))

and their binding sites to be defined. However, these studies
were unable to define the interactions of the ligand carboxy-
late groups with specific groups on the enzyme.

Recently it has been shown th##/**N HSQC NMR
experiments can provide an effective method for character-
izing interactions involving arginine guanidino groups with
charged groups on ligand4(—15). The success of such
studies relies on the relative ease of detectiofHoand*N
NMR signals from NH groups if°N-labeled proteins using
gradient-enhanced two-dimensiond/*>N HSQC NMR
experiments. The method has proved particularly useful for
detecting the guanidino NHand NH' nuclei in arginine
residues (see Figures 1 and 2). For example, in complexes
of SH2 domains formed with bound phosphopeptides, several
important arginine-ligand interactions between arginine NH
hydrogens and the phosphorylated tyrosines have been
characterizedl(1—13). Similar interactions in complexes of
L. caseidihydrofolate reductase between the guanidino group
of the conserved Arg57 residue and a carboxylate group on
the antifolate drug methotrexate (see Figure 1C) have also
been detected1d). Our previous studies identified the
arginine guanidino NHhydrogens specifically involved in
the interactions and characterized the structures and dynamics
of the interacting groupslé, 15). Most of the arginine
residues in proteins show only a single broad coalesced
resonance in thefiH/*>N HSQC spectrum corresponding to

values). Although analogugretains its high specificity for  the four NH protons and two Mnitrogens in the guanidino
the bacterial enzyme it did not prove to be an effective group (see signals in the 39 ppm region in Figure 1).
antibacterial agent due to reduced membrane permeabilityThe coalesced signals arise from exchange between ttie NH
(5). Early NMR studies, based on considerations'df  nuclei caused by rotations about theaNand GN” bonds.
chemical shifts, were used to determine the bound conforma-|n a study of the complex df. caseidihydrofolate reductase

tions of the ligand and also to monitor its specific interactions with methotrexate, four separate Ksignals were observed
with His28 @). The overall conformation of the two rings
in the bound analogue appeared to be similar in the enzyme ! Abbreviatl & BDM. brod T BDMA. brodi _

; ; : . ; reviations used: , brodimoprim; -4, brodimoprim-
complexe; formed. with trimethoprim, brodimoprim, or the 4-carboxylate; BDM-6, brodimoprim-6-carboxylate; BDM-4, 6, brodi-
brodimoprim-4,6-dicarboxylate analogue. In the complex moprim-4,6-dicarboxylate; COSY, correlated spectroscopy; DHFR,
with the 4,6-dicarboxylate analogue, thk of His28 was dihydrofolate reductase; DSS, sodium 2,2-dimethyl-2-silapentane-5-
increased by one unit compared to its value in the free Sulfonate; DQF, double quantum filteretlsye, chemical shift differ-

from 6.8 to 7.8). A similar increase had been ence (ppm) between signal in specified DHFR complex and in the
enzyme (from 6. :0). ~ €N trimethoprimDHFR complex; GARP, a broad-band decoupling se-
detected earlier in NMR studies of complexes formed with quence; HSQC, heteronuclear single quantum coherence spectroscopy;

substrate analogues containing glutamic acid moieties suchMTX, methotrexate; NMR, nuclear magnetic resonance; NOE, nuclear

Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy;
as methotrexaté (6’ 7)' In the CryStaI structure of the PDB, Protein Data Bank; TMP, trimethoprim; TOCSY, total correlation

methotrexate-NADPH-DHFRcomplex @), they-carboxy- time spectroscopy; 3D, three-dimensional; 2D, two-dimensional; 2D
late group of the methotrexate glutamyl fragment is very zz-HSQC, zz-magnetization exchange HSQC spectroscopy.




Ligand Interactions with Arginines in DHFR Biochemistry, Vol. 38, No. 7, 1999129

Hny
/O"'H'fhz_ NQ1 /08
c—cC ( C&t—Ne
\ / \ methotrexate
O---Hny— NQZ He
Hnp,
701 A
— 724
£
& 74
M1z M2z
78+
700 B
’g 72+
& 744 ]
Z 764 N2z
784 eﬂwz
70_ C . . .
Ficure 3: Part of the methotrexate binding site from the NMR-
£ determined solution structure of the caseiDHFR-methotrexate
£ 744 complex (6). The methotrexate-carboxylate group binds to Arg57
z @n @ n and its y-carboxylate group binds to His28. (The and y-car-
2 787 2 & boxylates of methotrexate correspond respectively to the 4- and
78+ @ @ 6-carboxylates of the brodimoprim-4,6-dicarboxylate analogue.)
Y Nz . . : L There are interactions linking Arg57 to Thr34 and Pro55, and the
10 9 8 7 6 neighboring Glu56 backbone interacts with Arg31. The NH protons

involved in these interactions are shown as light spheres, and the

TH (ppm) . -
P interacting oxygen atoms are as dark spheres.

Ficure 1: Expansion of the arginine guanidino Rkegion of the

1H/*N HSQC spectra recorded at 600 MHz and@of L. casei . . o .
DHFR complexed with (A) brodimoprim-4-carboxylate, (B) brodi- POrated into a solution structure determination ofltheasei

moprim-4,6-dicarboxylate, and (C) methotrexate. The structure of DHFR-methotrexate complex and part of the methotrexate
the proposed symmetrical end-on interaction of the Arg57 guanidino binding site from this structure determination is shown in
group and a ligand carboxylate group is also shown. Figure 3 (L6). From observations of temperature-dependent
line shape changes of the Nidignals and from results of
zz-HSQC exchange experiments, rates of rotations about the
N<Ct and GN” bonds were determined and shown to indicate
the presence of correlated rates of rotation about the Arg57
N<C¢ bond and the methotrexaten€C' bond in its bound
18°C glutamyl moiety (5).

The aim of the present work is carry out similar experi-
13°C ments on DHFR complexes with the brodimoprim analogues
(3—5) in order to monitor interactions between carboxylate
groups on the ligands and basic residues in the protein by
measuringH and**N chemical shift perturbations for protein
NH signals, mainly those from arginine residues.
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8.0 75 7.0 6.5
"H (ppm) 15N-labeledL. caseiDHFR was expressed ischerichia
) ) coli cells grown on a minimal medium and isolated and
FiGURE2: Regions of théH/*>N HSQC spectra showing the Arg57 purified as described previousl¢, 18). The brodimoprim

NH” signals ofL. caseiDHFR complexed with brodimoprim-4- . ! .
carboxylate (4 mM sample at 600 MHZ) at a series of temperatures @n@logues3—5 were kindly provided by Dr I. Kompis,

from 3 to 23°C. The spectra at low temperatures (3 an8C3 Hoffman-La-Roche 4). All other chemicals used were of
clearly indicate that they; and#2, NH signals have different analytical grade.
and*N frequencies. The NMR experiments were performed on equimolar

for the Arg57 residue (Figure 1C) indicating hindered rotation complexes of DHFR formed with analogu@s5 examined

in its guanidino group even at 20C (14). From a as 0.6 mL samples (1 or 4 mM) in 90%6/10% DO and
consideration of théH and >N chemical shifts, it was 50 mM potassium phosphate and 100 mM KCI, pH* 6.5
possible to deduce that the Arg57 guanidino group interacts (the pH* values are meter readings, unadjusted for deuterium
with the a-carboxylate group of the glutamic acid moiety isotope effects).

of methotrexate in an end-on symmetrical fashion (see The NMR experiments were performed at40 °C on
structure in Figure 1)§, 14). This information was incor-  Varian 500 and 600 MHz spectrometers. All of the NMR
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experiments used the Watergate technique for water sUp-r pie 1: tH and N Chemical Shifts for NH Groups in Arginine
pression 19) and the GARP sequencg() for **N decou- Residues in Complexes &f caseiDHFR?

pling during the detection period. Quadrature detection in = "= " 55v 6 BDM4  BDM46  MTX
all indirectly detected dimensions was achieved using the - '

method of States and co-workel). 2{33 H 8?'22 8? ;‘? 8? ;71 875 313?

The 2DH/**N HSQC sequence used in the experiments Arg31 NE 85.69 86.35 85.55 85.70
was essentially the same as that proposed by Mori and co- Arg3l H 7.44 7.52 7.52 7.39
workers @2). These experiments were performed using the ﬁ:ggg ﬁ Sé'g’; 8é'§f 861'77; 861.‘;190
following parameters for théH and*™N dimensions respec-  arg57 NE 81.56 81.91 82.05 79.90
tively: sweep widths 8000 HZKl) and 4000 HzeN); 2432 Arg57 He 5.84 5.85 5.99 5.66
data points{H) and 180 t increments’®N); processed after Arg57 N”il 75.42 77.1 75.00
zero-filling to 4K (H) and 1K data points'fN). The 2D ArgS7T - H 6.70 6.83 6.89

- [ d for the exchange studies oSt o 9 &1 533
2z-HSQC experiment28, 24) use 9 _ Arg57 N2 75.33 73.84 79.00
were carried out at 8C using a pulse sequence described  Args7 Hi21 6.79 6.89 6.77
by Yamazaki and co-workersd?). The experiment has a  Arg57 Hr22 7.87 7.36 10.17
modified gradient enhanced HSQC pulse sequence in which Argas N 8551 85.80 85.32 85.10

iXi i is i d just prior to the transfer of s M 8.40 843 8.34 832
a mixing time 15 Inserted just p : Argdd N 8401  83.98 84.07  84.00
magnetization fron#>N to 'H. This allows observation of Argd4 He 7.19 7.19 7.21 7.29
the transference dfN-labeled heteronuclear zz-magnetiza-  Argll7 N 85.14 85.29 85.23 85.40
; i ; ; Argll7?  H 8.33 8.34 8.33 8.52
tlon_(IaSZ) l;)et\_/;/ﬁen th_e dlﬁfeé(_af?t smis. _T_he ?_xperlmzerét vlvgs Agld2 N 8331 83 35 8333 8310
carried out with a series of different mixing times (2, 6, 12, Argld2  H 721 721 740 744

18, and 24 ms). The data were processed with zero-filling
in both dimensions using Varian software (VNMR, version
5.1).

The rate constants were obtained from the zz-HSQC situated hydrogens in a manner described as a type 1

exchange experiments by measuring the normalized intensi-. . g
ties of the cross-peak,= [cross-peak volume/(cross-peak interaction by Lancelot et al26) and shown in Figure 1. In

+ autopeak) volumes] at different mixing times and analyz- & analysis of arginineaspartate interactions found in X-ray

ing the data using a nonlinear regression analysis. AssumingStructures of proteins by Mitchell et ak), such an end-on

a two-site exchange and neglecting cross relaxation durings)r’im;?iti”i stfrurcitnutrerr\;vals fOliml’di:l(t) l:r)e Ct)ini OfbthSVmOHSt fra\i/r?irnecj
the mixing time, the normalized cross-peak intensity as a orentations for intermolecular interactions between arginine

. L o ; guanidino NH and carboxylate groups. This model is fully
Tlé:(;t'inoog[t{] irgl)zl)rzgztll(r:e)]i(m\avlhse?évf |ns ?]/ et hrztgxg (;?1221?1? consistent with the large downfield shifts seen for the Arg57
of rtnhe ex;:hange proceszr?i)’ NH"12 (10.17 ppm) and NF? (9.33 ppm) signals seen for

. . the DHFRmethotrexate complex (Figure 1C). Yamazaki et
Rate constants were also determined from line shape analy

. i th dard . ¢ h al. (11) reported similar results for a complex of the SH2
sis using the standard equations for exchange procelses ( domain and a phosphotyrosyl peptide where they suggested

29). that the hindered rotation resulted from the interactions
between the arginine guanidino Mgroups and a phosphate
RESULTS AND DISCUSSION group. In this case, the N and NH?? protons formed
To explore the specific proteifligand interactions involv-  hydrogen bonds with the phosphate oxygen atoms.
ing arginine residues we have examined H&N HSQC The chemical shift data for the backbone NH groups for
spectra for the binary complexeslofcaseiDHFR with the all residues in the protein and its complexes are provided in
three brodimoprim analogu@s-5 (brodimoprim-4-carboxy- ~ Table 1 of the Supporting Information. These assignments
late, 6-carboxylate, and 4,6-dicarboxylate, respectively). The were also made using 3BI/**N HSQC-TOCSY and HSQC-
HSQC spectral region of most interest contains signals from NOESY experiments. Table 2 of the Supporting Information
the guanidino group NHnuclei of the 8 arginine residues shows a list of residues which have NH signals showing
in the protein (see Figure 1). THél and 15N resonance  substantial differences in thelH or N chemical shifts
assignments for the Ntsignals in arginine residues in the  (Avp values) between DHFR complexes with trimethoprim
DHFR-methotrexate and DHFRethotrexatdNADPH com- and those with the brodimoprim analogues. Chemical shift
plexes were made earlier by using 38N HSQC-TOCSY differences observed between signals from corresponding
and HSQG-NOESY experimentsld, 15). Similar methods  nuclei in different complexes will reflect binding differences
were used here to make the assignments for the complexedetween the different ligands.
with the brodimoprim analogue3—5, and Table 1 sum- Homonuclear 2D DQF COSY, TOCSY, and NOESY
marizes théH and*®N chemical shifts for nuclei in the NH  spectra were also recorded for the various complexes, and
groups of arginine residues in DHFR and its complexes with the!H chemical shift assignments for the bound brodimoprim
methotrexate, trimethoprim, and the brodimoprim analogues analogue8—5 were made using methods described previ-
3—5. In earlier work (4), it was shown that the only way ously (see data in Table 29,(28). The'H chemical shifts
in which a carboxylate group can interact with the 'NH of the bound ligands are fairly similar in the different
protons of Arg57 to perturb the shielding of the two centrally complexes indicating that the 2,4-diaminopyrimidine and the
situated NH'? and NH?? protons is for the carboxylate benzyl ring are binding in essentially the same binding sites
oxygen atoms to form hydrogen bonds with these centrally in the different complexes. The H6, Hand H6 protons

alH shifts (errors+ 0.02 ppm) referenced to DSS aftN shifts
(errors=+ 0.07 ppm) from liquid NH (see referenceld)).
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Table 2: *H Chemical Shifts (ppf) of the Bound Ligands in
Complexes of DHFR with Trimethoprim and Brodimoprim
Analogues
atom TMP BDM-4,6 BDM-4 BDM-6
H2' 5.86 (4.97) 5.05 4.98
HE' 5.86 (6.819) 6.93 6.89 6.88
5'-OCH; (3.83) 3.98 3.98 3.95 73
H7A 3.74 3.89 3.88 3.89 7 e :
H7B 3.22 3.49 3.38 3.41 € i o |
H6 6.52 6.51 6.60 6.64 8754,
NH1 14.85 14.99 15.24 14.97 S| 12ms
HN2A 10.46 10.53 10.48 10.53 Z 77
HN2B 5.90 5.90 5.96 6.08 T T
HN4A 9.18 9.41
HN4B 7.18 7.32 734
aReferenced to DSS.Martorell et al., (1994), refd8). ¢ Averaged
signals at 35C. ¢ Measured at 3C (unpublished resultsy.Measured 75 6 ms
at 8°C.
77
are particularly sensitive to the overall conformation of the ] I , . : .

ligand and their similar values in the different complexes 90 86 82 78 74 70
indicate that the bound ligands have similar values for their "H (ppm)

@ ande torsion anglesz9). FiIGURE 4: Parts of the zz-HSQC spect ded at 600 MH
. ) IGURE 4: Parts of the zz- spectra recorded a z
DHFR-brodimoprim4-carboxylate ComplexThe *H/**N showing the guanidino NHsignals of Arg57 in the complex df.

HSQC spectrum of this complex recorded at@ (Figure caseidihydrofolate reductase with brodimoprim-4,6-dicarboxylate
1A) shows one set of arginine guanidino NRignals as a function of the mixing times (6, 12, and 18 ms). The exchange
displaced downfield from the main group of Midignals. ~ Peaks are shown in boxes in the spectra.

These signals were assigned to Arg57 on the basi#ibf .

15N HSQC-TOCSY and HSQC-NOESY experiments. It can the Wa_ter pI’OtOﬂS._ At lower '_[emper_atu_res"(B), line shape

be seen in Figure 2 that at low temperatures (3, 8, and 13analy5|§ of the pairs of Nisignals indicates that the rates
°C) four resolved signals are observed for the four’NH Of rotation about the €N’ bonds are less than 200's
protons. The downfield displacement of the Arg57 guanidino  DHFR-brodimoprimé-dicarboxylate Complex heH/**N

NH *H and?*N chemical shifts to give four resolved signals, HSQC spectrum of this complex (not shown) does not have
indicates that the ligand is interacting with the arginine and any signals from an arginine guanidino group with chemical
causing hindered rotation in its guanidino group. The two shifts different from the main group of signals: thus there
lowest field signals 7.87 and 7.90 ppm at’@ are from is no indication that the 6-carboxylate analogue is interacting
protons attached to different’Natoms, and their low-field  with the Arg57 guanidino group. It has not been possible to
IH chemical shifts indicate that one proton from each,NH assign the protein residue or residues which bind to the
group is hydrogen bonding to the ligand. This would suggest 6-carboxylate group. However, from a consideration of the
that there is a symmetrical end-on bidentate interaction of *H and'*N chemical shift differences\rve) between DHFR
the Arg57 guanidino group with the 4-carboxylate group complexes with trimethoprim and with analogu@sb5, it
similar to that seen previously in the methotrexBtdFR can be confirmed that His28 is not involved in the interaction
complex (see structure in Figure 1). The observed signals(see later). Previous work on the dihydrofolate reductase
for the NH*2 and NH22 protons have very similar chemical complex with the methotrexateamide analogue where only
shifts, and this indicates that the interactions for each of the the y-carboxylate (equivalent to the 6-position in the brodi-
two NH, groups in the complex are fairly similar. Thus the moprim analogue) is available for binding showed that there
4-carboxylate group is interacting with Arg57 in a manner was no interaction of the-carboxylate group with His 28
similar to, but not identical with, that previously observed (7). Similar behavior is seen in the complex with the
for the o-carboxylate group of the glutamate moiety in brodimoprim-6-carboxylate analogue; when the interaction
methotrexate in its complex with DHFR. between the 4- (on-) carboxylate group and Arg 57 is

In the low-temperature spectra<8 °C), theH chemical ab;ent, the interaction of the 6- () carboxylate with His
shift difference between thg:; and 7, signals is 48 Hz 28 is not formed.
and line shape analysis indicates that the rate of rotation about DHFR-brodimoprini4,6-dicarboxylate Complexin the
the N'—C?% bond must be less than 60'sat 8 °C. As the IH/*N HSQC spectrum of this complex (Figure 1B) one set
temperature is raised from 3 to 28, the signals show no  of four guanidino NH signals are found displaced from the
indication of coalescing, but one pair of signals (at 6.79 and position of the main group of NHsignals. Unequivocal
7.88 ppm) progressively broadens such that at@&nly evidence that these signals originate from the same guanidino
one pair signals (at 6.71 and 7.91 ppm) can be detected. Thegroup comes from the detection of autocorrelation peaks
broadened signals arise from one of the Nitoups, and between these signals in zz-HSQC exchange experiments
the broadening is caused by the presence of a dynamic(see Figure 4). The signals were assigned to thé hlidlei
process which could involve either exchange between thein Arg57 using 3D*H/®N HSQC-NOESY and HSQC-
NH?” protons resulting from rotation about one of the-C TOCSY methods. The NOE connections between theé NH
N” bonds or, less likely, exchange of the Nprotons with proton and the NHprotons allowed the assignment of the



2132 Biochemistry, Vol. 38, No. 7, 1999 Morgan et al.

11 andn, NH protons. The observation of four signals clearly 0.17 ppm, respectively, f3PN and*H shift differences) and
indicates the presence of hindered rotation in the guanidino4,6-dicarboxylate analogues (Thr34, 1.04 and 0.17 ppm;
group presumably caused by interactions with one of the Val35,—2.08 and 0.29 ppm; G1y3650.91 and—0.02 ppm;
carboxylate groups. Again, one signal from each of the NH Lys37, 0.38 and 0.12 ppm, respectively, ¥ andH shift
groups is deshielded which is consistent with an end-on differences) which both have interactions between a car-
interaction as shown in Figure 1. The group interacting with boxylate group and Arg57. In contrast, only very small shift
Arg57 has been assigned to the 4-carboxylate group whichdifferences are observed for the 6-carboxylate analogue
was found to interact with Arg57 in the earlier study of the (Thr34, 0.22 and 0.00 ppm; Val35, 0.08 and 0.03 ppm;
DHFR complex with the brodimoprim-4-carboxylate ana- Gly36, 0.15 and-0.03 ppm; Lys37, 0.04 ang0.05 ppm,
logue. respectively, for'SN and H shift differences) confirming
For the complex with the brodimoprim-4,6-dicarboxylate, that it does not bind to Arg57.

it proved possible to measure the relatively slow rates of  Earlier work showed that neither the 4-carboxylate nor
rotation about the NC* bond by using a zz-HSQC exchange the 6-carboxylate analogue perturb thé,f His28, and
experiment{2, 15, 23 24). This experiment uses a modified  thus these analogues are not interacting electrostatically with
gradient enhanced HSQC pulse sequert® (o detect  this residue4). However, the backbone NH chemical shift
exchange processes involving NH groups as described earlierof His28 shows a significant shift differencésye for all
Figure 4 shows the spectra from a zz-HSQC experiment onthree analogue3—5 (see Table 2 of Supporting Information)
the DHFR complex formed with the 4,6-dicarboxylate because the alkyl substituent at tHeCBposition in all of
analogue and carried out at°€ with a series of mixing  the analogues is near to the backbone of His28. In the case
times. Spectra recorded with decreasing mixing times showedof the complex with the 4,6-analogue, a very large chem-
a progressive decrease in intensity of the exchange peakscal shift difference for the backbone NH of His28 was
with decrease in mixing time. Cross-peak correlations are observed (af®N Aqyp shift difference of—4.1 ppm, see
seen between peaks which are related to correspondingTable 2 of Supporting Information), and this probably reflects
protons in the NH group (NH'? with NH7?). These  the direct electrostatic interaction between one of its car-
connections are due to rotations about th€Nbond which boxylate groups and His28 which has previously been
result in interchange of the positions of the two Nitoups. characterized4).

The rate constant can be obtained from analysis of the  There are chemical shift changes:() noted for residues
chgng.es in cross—peak intensities as a functlon_ of mixing time i, the loop Phe49-Leu 54 for all three analogues (see Table
as indicated |n1the Materlals. and Methods gectlor? and a valuey ¢ Supporting Information), and these effects probably arise
0f 24 & 10 s * was determined for the " rotation at 8 from the replacement of the trimethoprim@CHs group
C. In an earlier study on the methotrexate compte3),(a by a bromo substituent in analogu8s-5. For example,
rate constant for this rotation of 59 10 s* was determined  phe49 is in close proximity to the-4romo substituent9)
at 15°C. Thus these rates of rotation are quite similar in the g4 its backbone carbonyl oxygen is within hydrogen-
two complexes. It was not possible to carry out the zz-HSQC ponding distance of NHof Arg52. Clearly, small changes
experiment with the complex formed with the 4-carboxylate i the position of the bromo substituent in the complexes
analogue because of the very small separation between they;ip, analoguesS—5 could cause\rye changes at Arg52.
two 5N signals. .
. T A comparison of theAryp values for the 6-carboxylate
1 15

. H and™N Chemical Shift D|fferejnces. between NH Grpups and 4,6-dicarboxylate analogue complexes for residues 25
in Different Complexessome addltlo_n_al_mforma_mon re_latm_g 28 confirms that the carboxylate group in complex with the
to the presence or abse_nce of specmq Interactions with H'S.286-carboxylate is not forming an electrostatic interaction with
and ArgS? can be obtained by examining the differences in His28. However, the data in Table 2 of Supporting Informa-
chemical shifts for .NH groups in dl|ffelr5ent com_plexes_. For tion are unable to provide an unequivocal assignment of the
example, characteristic d|fferences.i11\/ N cher_nlcal shifts interacting residue in the DHFBrodimoprim-6-carboxylate
(Armp) Observed for Thr34 and adjacent residues between complex. SignificantArye values are noted for Arg3l
the complexes with a 4-carboxylate containing analogue andArgSZ and Arg57. Arg52 is too far away to be directiy
with trimethoprim (see Table 2 of Supporting Information) involvéd in binding to the carboxylate group, and the
provide information about the 4-carboxylate interaction with observed small changes for this residue could be due to
mgﬂAr?i? rt;s;ciue. It car;] bde seen Il::] F'c?ur?ﬂ? ttgathorée of tlhedifferences in the position of thé-hromo substituent. If the

of Arg o.rms a hydrogen bond wi € Nydroxyl interaction were with Arg57 it would need to be different
oxygen of T_hr34. a consequence of this is that INtEractions ¢, the interactions seen with the 4-carboxylate- and 4,6-
between a ligand carb_oxylate group and_ the guanidino gr_oupdicarboxylate-containing analogues because of theAgwe
of Arg57 can cause indirect changes in the NH chemical values for residues 3437 and the nondetection of Arg57

shifts of Thr34 and its adjacent residues, Val35, Gly36 and NH signals in the complex with the 6-carboxylate analogue.

Lys37. .For example, the ;lgnal§ from these residues ShOWAn interaction of the 6-carboxylate group with Arg31 seems
large differences in chemical shifts between the complexes

O ) he most likel n nnot excl h ibility th
with trimethoprim and methotrexaté{yp 1°N and'H values the most likely, but one cannot exclude the possibility that

for methotrexate are Thr34, 1.50 and 0.15 ppm; Vat35.75 itis binding to the side chain of LysS1.

and 0.47 ppm; Gly365-0.75 and 0.0 ppm; Lys37, 0.55 and  coNCLUSIONS

0.17 ppm, respectively). It can be seen that signals from these

residues also have larg&rve values in the case of the In earlier NMR and modeling studies of complexes of
4-carboxylate (Thr34, 1.03 and 0.12 ppm; Val3%.90 and DHFR with the brodimoprim analogue3—5, the NMR
0.26 ppm; G1ly36,-0.66 and 0.03 ppm; Lys37, 0.49 and determined K, value of His28 proved to be a useful probe
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for determining whether it interacted with a ligand carboxy- loss on binding and thus contributing to its high binding
late group in the various complexes. For example, it was affinity. In the case of the complexes with the brodimoprim-
found that binding the brodimoprim 4,6-dicarboxylate ana- 4-carboxylate and -4,6-dicarboxylate analogues, it seems
logue to DHFR caused an increase in th& pf His28 by likely that the position of the Arg 57 side chain will be
one unit. This was as predicted because the 4,6-dicarboxylatesimilar to that in the methotrexate complex and that the
side chain on the benzyl ring of brodimoprim had been interactions with the 4-carboxylate groups result in formation
designed to mimic the interactions of the glutamate moiety of similar hydrogen bonds but with small differences in the
in methotrexate. In contrast, the 6-carboxylate analogues ofhydrogen bond lengths.

brodimoprim did not perturb theky value of His28 (nor

that of any other histidine) i.. casei DHFR, although =~ ACKNOWLEDGMENT

mod_eling studies ind_icate that such_ an interaction shpuld be \we thank J. E. McCormick for expert technical assistance
feasible. The |4, of His28 also remained unperturbed inthe 5,4 /| polshakov for providing the line shape analysis
complex with the 4-carboxylate analogue, but this was not program.

surprising because modeling studies had predicted that the
4-carboxylate would mimic the-carboxylate of methotr- SUPPORTING INFORMATION AVAILABLE

exate and interact with Arg5#4). The work reported here 15 ) ) ) o
has allowed such interactions to be monitored directly. The ~ Tables oftH and**N chemical shift data. This material is
4-carboxylate and the 4,6-dicarboxylate brodimoprim ana- available free of charge via the Internet at http:/pubs.acs.org.
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