
Diagnostic chemical shift markers for loop
conformation and substrate and cofactor binding in
dihydrofolate reductase complexes

MICHAEL J. OSBORNE, RANI P. VENKITAKRISHNAN, H. JANE DYSON, AND

PETER E. WRIGHT
Department of Molecular Biology and Skaggs Institute for Chemical Biology, The Scripps Research Institute,
La Jolla, California 92037, USA

(RECEIVED May 27, 2003; FINAL REVISION June 26, 2003; ACCEPTED June 27, 2003)

Abstract

Heteronuclear NMR methods have been used to probe the conformation of four complexes of Escherichia
coli dihydrofolate reductase (DHFR) in solution. 1HN, 15N, and 13C� resonance assignments have been made
for the ternary complex with folate and oxidized NADP+ cofactor and the ternary complex with folate and
a reduced cofactor analog, 5,6-dihydroNADPH. The backbone chemical shifts have been compared with
those of the binary complex of DHFR with the substrate analog folate and the binary complex with NADPH
(the holoenzyme). Analysis of 1HN and 15N chemical shifts has led to the identification of marker resonances
that report on the active site conformation of the enzyme. Other backbone amide resonances report on the
presence of ligands in the pterin binding pocket and in the adenosine and nicotinamide–ribose binding sites
of the NADPH cofactor. The chemical shift data indicate that the enzyme populates two dominant structural
states in solution, with the active site loops in either the closed or occluded conformations defined by X-ray
crystallography; there is no evidence that the open conformation observed in some X-ray structures of E. coli
DHFR are populated in solution.
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Dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP+

oxidoreductase, EC 1.5.1.3; DHFR) uses NADPH to reduce
7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate and is one of
the best-characterized enzymes to date. Because of the cen-
tral role that DHFR plays in maintenance of the cellular
pools of tetrahydrofolate and its derivatives, which are es-
sential for purine and thymidylate biosynthesis, the enzyme
is an important target for several anticancer and antibacte-
rial drugs (Blakley 1969; Hitchings Jr. 1989). DHFR from

Escherichia coli is well suited for investigating physical and
chemical events crucial for catalysis because of the wealth
of structural, kinetic, mutagenesis, dynamic, and computa-
tional studies that have been performed. Many of these stud-
ies point to the importance of surface exposed loops in the
catalytic function and mechanism of DHFR (Li et al. 1992;
Falzone et al. 1994b; Gekko et al. 1994; Cameron and Ben-
kovic 1997; Sawaya and Kraut 1997; Miller and Benkovic
1998a,b; Radkiewicz and Brooks III 2000; Miller et al.
2001; Osborne et al. 2001). These surface loops exhibit
ligand-dependent conformational changes (Sawaya and
Kraut 1997), a feature that is common to many enzymes
(Gerstein et al. 1994) and is proposed to play a functional
role during catalysis.

More than 60 X-ray structures of substrate, cofactor, and
inhibitor complexes of E. coli DHFR have been reported
and the structural features have been reviewed in detail by
Sawaya and Kraut (1997). DHFR retains an essentially rigid
scaffold comprised of a central eight-stranded �-sheet and
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four �-helices (Matthews et al. 1977). However, the Ala
9–Asn 23 loop (designated the Met 20 loop, or loop 1)
adopts three distinct conformations in the solid state
(Sawaya and Kraut 1997), which are stabilized by hydrogen
bonding interactions with two other surface exposed loops,
the FG loop (residues 117–131) and GH loop (residues 142–
149). Sawaya and Kraut (1997) have argued that only two of
these conformations, the closed and occluded configura-
tions (Fig. 1), prevail during the catalytic cycle and suggest
that the third “open” conformation is stabilized by crystal
packing contacts involving Met 20 loop residues. Based on
a series of isomorphous X-ray crystal structures, they pro-
posed that the Met 20 loop conformational changes and its
interactions with the FG and GH loops are critical for modu-
lating ligand specificity and hence DHFR function.

A number of NMR studies have implicated an important
role for Met 20 loop motions in DHFR function. In the
apo-enzyme, the Met 20 loop fluctuates between two con-
formations at a rate comparable with the rate of THF dis-
sociation, which is the rate-limiting step in the catalytic
cycle (Falzone et al. 1994b). Detailed 15N relaxation studies
have shown that the psec–nsec time scale backbone dynam-
ics in the Met 20 and FG loops differs significantly for the
closed and occluded conformations (Osborne et al. 2001).
The importance of these loops to DHFR function has been
established by site directed mutagenesis. A 500-fold de-
crease in hydride transfer is observed when the central por-
tion of the Met 20 loop is replaced with a glycine (Li et al.
1992). In addition, substitution or deletion of FG loop resi-

dues that exhibit significant changes in dynamics between
the closed and occluded configurations dramatically alter
the kinetics of DHFR, even though these residues are >19Å
away from the active site (Cameron and Benkovic 1997;
Miller and Benkovic 1998a). Likewise, mutations that per-
turb the hydrogen bonding interactions between the Met 20
loop and the FG or GH loops have a significant influence on
ligand affinity and enzyme kinetics (Miller and Benkovic
1998b; Miller et al. 2001). Clearly, a large body of data
suggests that the interplay of the Met 20 loop with the FG
and GH loops, which varies between the closed and occluded
configurations, is crucial to the catalytic function of DHFR.

Given the critical role of the Met 20 and neighboring
loops in DHFR catalysis, it would be advantageous to have
a simple diagnostic method to characterize the loop confor-
mation for wild-type and mutant DHFR complexes in so-
lution. With this goal in mind, we have undertaken complete
backbone NMR assignments for a number of wild-type
DHFR complexes to identify diagnostic resonances whose
chemical shifts report on the conformational state of the
enzyme. Importantly, we show that the pattern of chemical
shifts can be used to determine the conformation of the Met
20 loop and report on the presence of ligands in the pterin
binding pocket and in the adenosine and nicotinamide-ri-
bose binding sites of the NADPH cofactor.

Results and Discussion

In this paper, backbone 1HN, 15N, and 13C� chemical shifts
were compared for four complexes of DHFR: the binary
complex with the substrate analog folate (denoted
E:folate), the binary complex with NADPH (E:NADPH), the
ternary complex with folate and NADP+ (E:folate:NADP+),
and the ternary complex with folate and a reduced cofactor
analog, 5,6-dihydroNADPH (E:folate:DHNADPH). The as-
signment of backbone resonances in these complexes is de-
scribed in the Materials and Methods section.

X-ray crystallographic studies of the E:NADPH and E:fo-
late:NADP+ complexes (Protein Data Bank codes 1rx1 and
1rx2, respectively) show that the Met 20 loop adopts the
closed conformation (in space groups where there are no
crystal lattice contacts that influence the loop conforma-
tion), whereas the X-ray structure of the E:folate complex
(1rx7) shows that it adopts an occluded loop conformation
(Sawaya and Kraut 1997). No X-ray structure has been
reported for the E:folate:DHNADPH complex, but we have
shown previously through NMR experiments that it also
contains an occluded Met 20 loop conformation (Osborne et
al. 2001).

Assignments of the E:folate:DHNADPH
and E:folate:NADP+ complexes

Resonance assignments for the E:folate:DHNADPH and
E:folate:NADP+ complexes have not been previously re-

Figure 1. The Met 20 loop conformations and hydrogen bonding patterns
in the closed and occluded structures of E. coli DHFR. The figure shows
a superposition of the �-carbon traces, for residues in the central regions of
the Met 20, FG, and GH loops, of the E:folate:NADP+ (closed, shown in
red) and E:folate (occluded, shown in green) complexes (Protein Data
Bank accession numbers 1rx2 and 1rx7, respectively; Sawaya and Kraut
1997). The different hydrogen bonding interactions between the Met 20
loop and the FG and GH loops in the closed and occluded conformations
are indicated. The location of bound folate (blue) and NADP+ (yellow) in
the E:folate:NADP+ complex are shown.

Chemical shift markers for DHFR loop conformation

www.proteinscience.org 2231



ported and were made by triple-resonance methods using
uniformly 13C/15N-labeled DHFR (see Materials and Meth-
ods section). Representative 1H–15N HSQC spectra of these
two complexes are shown in Figure 2. A high percentage of
backbone assignments were obtained for both complexes:
All but two (G56, G97) of the expected 148 backbone 1HN/
15N resonances were assigned for the E:folate:DHNADPH
complex, whereas 139 backbone amide peaks (94%) were
assigned in the E:folate:NADP+ complex (resonances of
I14, E17, T46, W47, E48, G56, G97, H124, and D132 could
not be identified). The 13C� and 13C� resonances were as-
signed for 157 of the 159 residues (all except M16 and P55)
in the E:folate:DHNADPH complex and ∼97% of the resi-
dues in the E:folate:NADP+ complex (excluding residues
45–47, 55, 123, 132). For the E:folate:DHNADPH complex
a high proportion of 13C and 1H resonances of nonaromatic
side chains were assigned from analysis of the C(CO)NH–
TOCSY experiments (Grzesiek et al. 1993) in combination
with HCCH–TOCSY and 15N-edited TOCSY experiments
(Marion et al. 1989; Bax et al. 1990). In fact, only seven
residues were not assigned past the C� (or H�) positions for
spin systems more complicated than AMX. The limited sta-
bility of the E:folate:NADP+ complex did not allow a full
series of NMR experiments for extensive side-chain assign-
ments. However, a three-dimensional C(CO)NH–TOCSY
spectrum did afford assignments for most of the nonaro-
matic side chain 13C resonances belonging to residues that

were not preceded by a proline. The assignments for E:fo-
late:DHNADPH and E:folate:NADP+ have been deposited
in BioMagResBank (accession nos. 5741 and 5740, respec-
tively).

Assignments for NADPH and folate binary complexes

Backbone resonance assignments have been reported previ-
ously for the E:NADPH binary complex at 9°C and pH 7.6
(Zaborowski et al. 2000). These conditions were required to
minimize oxidation of NADPH during acquisition of triple-
resonance NMR data. For purposes of comparison with
chemical shifts of the E:folate:DHNADPH and E:folate:
NADP+ complexes, assignments for the backbone 15N and
1HN resonances were extrapolated to 27°C by temperature
titration; the extrapolated shifts were used to calculate the
15N and 1HN chemical shift differences. Published backbone
resonance assignments for the E:folate complex (Falzone
et al. 1994a) were used after correction for differences in
chemical shift referencing.

Amide 15N and 1HN chemical shift changes

Pairwise differences in the chemical shifts of the 15N and
1HN resonances between the E:folate, E:NADPH, E:folate:
DHNADPH, and E:folate:NADP+ complexes are plotted in
Figures 3 and 4 as a function of residue number. Unlike

Figure 2. 1H-15N HSQC spectra of (A) E:folate:DHNADPH and (B) E:folate:NADP+ complexes of E. coli DHFR. Resonance assignments reported here
using triple-resonance NMR techniques are shown.
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Figure 3. Backbone amide 15N chemical shift differences in DHFR complexes. (A) Chemical shifts in E:folate:DHNADPH (occluded)
minus shifts in E:folate (occluded); (B) E:folate:NADP+ (closed) minus E:folate (occluded); (C) E:folate:NADP+ (closed) minus
E:folate:DHNADPH (occluded); (D) E:NADPH (closed) minus E:folate:DHNADPH (occluded); (E) E:NADPH minus E:folate (oc-
cluded); (F) E:NADPH (closed) minus E:folate:NADP+ (closed). Marker resonances are colored green (cofactor binding), cyan (folate
binding), and red (diagnostic of Met 20 loop conformation).

Chemical shift markers for DHFR loop conformation
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the 13C� chemical shifts, which show only minor differ-
ences between the complexes (see later) primarily because
of the minimal differences in the backbone conformation
except in the loop regions, the 1H and 15N shifts are highly
sensitive to the oxidation state of the bound cofactor, the
presence or absence of folate, and the conformation of the
active site loop. By careful analysis of the patterns of chemi-
cal shift differences in Figures 3 and 4, a number of marker

resonances can be identified that are diagnostic for binding
of cofactor and binding of the folate substrate analog and for
determining the conformation of the active site loops.

Because the E:folate and E:folate:DHNADPH complexes
both contain bound folate and are both in the occluded
conformation, the chemical shift differences between them
(Figs. 3A and 4A) can be attributed to interactions with co-
factor. A number of resonances are highly sensitive to bind-

Figure 4. Backbone amide 1HN chemical shift differences in DHFR complexes. (A) Chemical shifts in E:folate:DHNADPH (occluded)
minus shifts in E:folate (occluded); (B) E:folate:NADP+ (closed) minus E:folate (occluded); (C) E:folate:NADP+ (closed) minus
E:folate:DHNADPH (occluded); (D) E:NADPH (closed) minus E:folate:DHNADPH (occluded); (E) E:NADPH minus E:folate (oc-
cluded); (F) E:NADPH (closed) minus E:folate:NADP+ (closed). Marker resonances are colored as in Figure 3.
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ing of the adenosine moiety of the cofactor. These include
the 1HN resonances of residues 43, 44, 62, 65, 67, 68, 76,
100, 102, and 103 and the 15N resonances of residues 42, 46,
62, 63, 65, 67, 69, 77, 96, 101, and 102. Importantly, this set
of resonances exhibits shifts of similar magnitude and sign
between the E:folate and E:folate:NADP+ complexes (Figs.
3B and 4B) and between the E:folate and E:NADPH binary
complexes (Figs. 3E and 4E) indicating similar mechanisms
affect these residues, namely presence or absence of cofac-
tor. Many additional resonance perturbations are observed
in these cases but arise because of differences in the Met 20
loop conformation and the presence of folate in the substrate
binding site (see below). Inspection of Figures 3A and 4A
reveals a few additional resonances that also appear to re-
flect binding of NADPH; however, the magnitude of the
shift changes is not consistent across all complexes and
these resonances are therefore not reliable markers of co-
factor binding. All of the marker resonances are associated
with residues that form the adenosine binding pocket or are
on a flexible loop immediately adjacent to it (residues 67,
68, 69; Fig. 5). The backbone amide protons of Arg 44, His
45, and Thr 46 form hydrogen bonds to phosphate oxygens
of the adenosine moiety, as do the backbone amides of Ser
64 and Gly 96 and the side chain of Arg 98, and Gln 102
hydrogen bonds directly to the adenine ring (Bystroff et al.
1990).

Marker resonances that are diagnostic for folate binding
can be identified by comparison of spectra of the E:NADPH
binary complex and the E:folate:NADP+ ternary complex,
both of which adopt a closed Met 20 loop conformation
(Figs. 3F and 4F). Of course, to be useful as markers these
resonances should be insensitive to loop conformation: The
selected marker resonances exhibit shifts of similar magni-
tude and sign between the E:NADPH and E:folate:
DHNADPH complexes and between the E:NADPH and
E:folate complexes (Figs. 3, D and E and 4, D and E). The

resonances that undergo significant shifts and are reliable
markers of folate binding are the 1HN resonances of residues
27, 36, 37, 54, 96 and the 15N resonances of residues 5, 6,
26, 27, 28, 29, 36, 37, 50, 51, 52, 54, 57. All of these
residues cluster around the substrate binding site (Fig. 5).

Resonances that reflect the active site loop conforma-
tion can be identified from conserved patterns of chemical
shift differences in Figures 3B–E and 4B–E, all of which
summarize shift changes between closed and occluded
states (E:folate:NADP+–E:folate; E:folate:NADP+–E:folate:-
DHNADPH; E:NADPH–E:folate:DHNADPH; E:NADPH–
E:folate). Significant 1HN chemical shift differences are ob-
served for all closed–occluded pairs for resonances of the
following residues: 13, 15, 18, 20, 22, 23, 26, 117, 121, 122,
123. For 15N, resonances of residues 22, 23, 24, 94, 95, 115,
116, 118, 120, 121, and 149 are consistently and signifi-
cantly shifted between the closed and occluded conforma-
tions. Most of these residues are located in the Met 20 and
FG loops (Fig. 5), the regions that undergo the largest con-
formational changes between the closed and occluded
forms. Substantial changes in hydrogen bonding interac-
tions between these loops are evident in the crystal struc-
tures (Sawaya and Kraut 1997; Fig. 1) and these undoubt-
edly contribute to the observed chemical shift changes.
Backbone resonances of residues 148 and 149 are also sen-
sitive to the closed–occluded conformational switch, pre-
sumably reflecting the formation of new hydrogen bonds
between Ser 148 and the backbone amide of Asn 23 and
carbonyl oxygen of Leu 24 in the occluded conformer. The
15N resonances of Ile 94 and Gly 95 also appear to report
upon the closed–occluded conformational change, although
it is not clear from the available structures just what inter-
actions lead to the observed chemical shift changes.

The 15N resonances of Gly 15 and Met 16 exhibit a
characteristic pattern of shifts in the E:NADPH complexes
(Fig. 3D–F). Inspection of the X-ray structures suggests the

Figure 5. Location of chemical shift marker residues in the DHFR structure. Residues whose 1HN or 15N resonances reflect cofactor
binding are shown in green; those that indicate folate binding are blue; and markers of the Met 20 loop conformation are shown in red.
The figure was made using MOLMOL (Koradi et al. 1996) from the coordinates of the E:folate:NADP+ complex (1rx2). The NADP+

cofactor is yellow, and the folate is shown in pale blue.
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probable origin of these shift perturbations. In the NADPH
complex (1rx1), a pair of hydrogen bonds is formed be-
tween the backbone amide and carbonyl groups of Gly–15
and Thr–123; these hydrogen bonds are not formed in the
E:folate binary or E:folate:NADP+ complexes (Sawaya and
Kraut 1997).

Finally, the backbone 1HN and 15N resonances of Ala 7
are shifted significantly to low field in the closed com-
plexes. These chemical shift changes can be attributed to
formation of a hydrogen bond between the Ala 7 amide and
the carboxamide oxygen atom of the nicotinamide moiety of
the cofactor, as observed in the X-ray structures of the
E:NADPH and E:folate:NADP+ complexes (Bystroff et al.
1990; Sawaya and Kraut 1997). The Ala 7 resonances are
therefore exquisitely sensitive to binding of the nicotin-
amide ring in the active site pocket.

13C� Chemical shift differences

Deviations of 13C� chemical shifts from random coil values
(Wishart et al. 1995a) for the E:folate:NADP+ and E:folate:
DHNADPH complexes are shown as black bars in Figure 6,
a and b, respectively. For comparison, the corresponding
13C� shift deviations for the E:NADPH and E:folate com-
plexes (calculated from published data of Falzone et al.
1994a and Zaborowski et al. 2000) are also included as red
bars in Figure 6, A and B. The complexes are paired ac-
cording to their Met 20 loop conformation, with the data for
the two closed complexes in Figure 6A and for the occluded
complexes in Figure 6B. The pattern of deviations of the
13C� shifts from the random coil values is very similar for
all complexes, although some resonances do reflect the
closed–occluded conformational transition (Fig. 6C). Be-
cause 13C� chemical shifts are highly sensitive to backbone
�,� dihedral angles (Spera and Bax 1991; Wishart et al.
1991), the 13C� shifts confirm that the secondary structure
observed in the crystal structures is conserved in solution.
Furthermore, it is clear that the polypeptide backbone
adopts a common structure in all of the complexes except
for localized ligand-dependent conformational changes in
the Met 20 loop and part of the neighboring FG loop. In
particular, the 13C� resonances of residues 17, 19, 21, 22,
119, 120, 122, and 124 are sensitive to the conformational
changes that accompany the closed–occluded transition.

Conclusion

By analysis of backbone amide 1HN and 15N chemical shifts
for four complexes of E. coli DHFR, namely the E:folate
and E:NADPH binary complexes and the E:folate:
DHNADPH and E:folate:NADP+ ternary complexes, we
have identified a number of marker resonances that are re-
liable indicators of binding of substrate and cofactor, and of
the conformation of the Met 20 and neighboring active site

loops. It is notable that the chemical shift data for the vari-
ous complexes of DHFR studied in the present work indi-
cate that the enzyme populates two dominant structural
states in solution, with the active site loops in either the
closed or occluded conformations observed crystallographi-
cally. There is no evidence that the open conformation ob-
served in the X-ray structures of DHFR complexes in cer-
tain space groups is populated to a significant extent in
solution and it seems likely that this conformation is stabi-
lized in the crystalline state by crystal contacts involving
Met 20 loop residues, as suggested earlier by Sawaya and
Kraut (1997). The identification of marker resonances and
the demonstration that only two conformational states pre-
dominate in solution provide a basis for direct conforma-
tional analysis of the various intermediates formed in the
DHFR catalytic cycle (Fierke et al. 1987), for structural
characterization of kinetically impaired mutants, and for
analysis of slow time scale conformational fluctuations ob-
served using NMR relaxation measurements. Such analyses
are in progress in our laboratory.

Materials and methods

Sample preparation

The E:folate:DHNADPH and E:folate:NADP+ complexes were
prepared as described previously (Osborne and Wright 2001; Os-
borne et al. 2001). Briefly, uniformly 15N/13C-labeled proteins
were produced from cells grown on minimal media in which 15N-
ammonium sulfate and 13C-glucose were the sole sources of ni-
trogen and carbon, respectively. For NMR studies the complexes
were exchanged into a buffer previously purged with argon gas
comprising of 0.1 M KCl, 1 mM EDTA, 1 mM [2H]DTT, 50 mM
potassium phosphate in 7% D2O at pH 6.8. DHFR concentrations
ranged from 1 to 1.7 mM. Substrate and cofactor analogs were
present in ∼12-fold excess.

A sample of E:NADPH was prepared at a DHFR concentration
of 2 mM in NMR buffer (70 mM potassium phosphate in 7% D2O,
pH 7.6, containing 25 mM KCl and 0.02% sodium azide). NADPH
was added in twofold excess and was kept enzymatically reduced
by addition of 30 units of glucose-6-phosphate dehydrogenase and
1 mM glucose-6-phosphate to the NMR buffer.

NMR spectroscopy

Resonance assignments for the E:folate:DHNADPH and E:folate:
NADP+ complexes were obtained at 306.4 K (calibrated with neat
methanol) on Bruker AMX-500, AMX-600, and DRX-600 spec-
trometers equipped with a triple-resonance probe and triple-axis
pulsed-field gradients. Coherence selection was achieved using
pulsed-field gradients. Backbone assignments were obtained from
three-dimensional HNCA (Grzesiek and Bax 1992b), HNCACB
(Wittekind and Mueller 1993), and CBCA(CO)NH (Grzesiek and
Bax 1992a) experiments on 13C/15N double-labeled samples.
Side-chain 1H and 13C assignments were made for the majority
of the resonances of the E:folate:DHNADPH complex using
three-dimensional HBHA(CBCACO)NH (Grzesiek and Bax
1993), C(CO)NH–TOCSY (Ikura et al. 1991), and HCCH–
TOCSY (Bax et al. 1990) spectra in addition to 15N-edited 3D
HSQC–TOCSY and HSQC–NOESY experiments on doubly and
singly labeled samples. Side-chain 13C assignments for the E:fo-
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late:NADP+ complex were obtained from a three-dimensional
C(CO)NH–TOCSY experiment.

15N and 13C chemical shifts were referenced indirectly from the
proton frequency for DSS (Wishart et al. 1995b). NMR spectra

were processed using FELIX MSI or NMRPipe (Delaglio et al.
1995) and analyzed using FELIX or NMRView (Johnson and
Blevins 1994). In general, time domain data in the indirect dimen-
sion were zero-filled once and apodized with cosine, cosine-

Figure 6. Variations in 13C�chemical shifts in as a function of residue number in DHFR complexes. The location of the regular
secondary structural elements defined from E. coli X-ray structures are denoted by the cartoon at the top of the figure. (A) Deviations
from random coil shifts for complexes in which the Met 20 loop adopts the closed conformation. Shift differences for the E:folate:
NADP+ complex (this study) and the E:NADPH complex (Zaborowski et al. 2000) are represented by black and red bars, respectively.
(B) Deviations from random coil shifts for DHFR complexes in which the Met 20 loop is in the occluded configuration; data for the
E:folate:DHNADPH (this study) and E:folate (Falzone et al. 1994a) complexes are plotted with black and red bars, respectively. (C)
Changes in 13C� chemical shift between closed and occluded Met 20 loop conformations. The histogram shows 13C� chemical shifts
of the E:folate:NADP+ complex (closed) minus those of the E:folate:DHNADPH complex (occluded) plotted versus residue number.
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squared, or Lorentzian-to-Gaussian window functions after appli-
cation of mirror-image linear prediction. Assignment of reso-
nances was achieved using the software packages FELIX95 and
NMRView. Backbone assignments were made in a semi-auto-
mated fashion using an in-house strip-manipulation tool. Assign-
ments have been deposited in the BioMagResBank.

Assignments for other DHFR
complexes used in this analysis

The appearance of the 1H-15N HSQC spectra of DHFR complexes
is susceptible to changes in experimental conditions (data not
shown). Backbone assignments for two other E. coli DHFR com-
plexes have been reported from our group and are used for com-
parison. The published assignments for the E:folate complex (Fal-
zone et al. 1994a) were acquired at slightly lower ionic strength
and temperatures. Thus, the 1HN and 15N shifts used for compari-
son in the present work were measured from a 1H-15N HSQC
spectrum recorded under identical conditions to those used for the
two ternary complexes. Assignments for the E:NADPH complex
(Zaborowski et al. 2000) were originally made under substantially
different conditions (pH 7.6 and 9°C) to prevent oxidation of
NADPH during acquisition of triple-resonance NMR data. Conse-
quently, the assignments were extrapolated to a temperature
(27°C) closer to that at which data for the E:folate:DHNADPH and
E:folate:NADP+ complexes was recorded. This was accomplished
by recording a series of 1H-15N HSQC spectra at temperatures of
9°C, 14°C, 19°C, 24°C, and 27°C at pH 7.6.
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